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ABSTRACT 
Wastewater from different aluminum processing plants contains different surface 
treatment liquids.  These liquids are strictly prohibited from being discharged directly into 
the environment due to their high acidity. Different factories and enterprises add water to 
dilute them or neutralize them with alkali. These approaches not only cause a part of the 
aluminum ions being discharged, but also result in the release of a large number of harmful 
metal ions and heavy metal ions. In such cases, a large amount of water and alkali are 
consumed; at the same time, surface water, groundwater and soil become polluted by a 
large volume of wastewater and different metal ions.  
The main objectives of the project are: 1) to extract ultra-pure aluminum ions from 
wastewater and to study the effect of different parameters on the efficiency of the process;  
2) to produce ultra-pure nano-alumina from wastewater using an organic template and to 
study the effect of different parameters on the particle size distribution as well as on the 
morphology of the nanoparticles; 3) to explore the possibility of different applications for 
different types of alumina particles. 
In this work, aluminum was extracted from the wastewater in the form of alum. This 
aluminum alum solution was later used to produce 99.999% pure (5N) nano-alumina 
particles. Two different methods, namely single and double template methods, were used to 
control the size and the nature of the alumina particles. 
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A single template method was used to produce 99.999% pure (5N) spherical alumina 
nanoparticles. The aluminum alum solution was hydrolyzed to produce boehmite which 
was used to produce the spherical alumina nanoparticles. Gum arabic and urea were used to 
produce the single template. These alumina nanoparticles were converted to alpha (α) form 
by heating. Then, the α-alumina particles were used to produce sapphire crystals.    
An evaporation-induced synthesis approach with double template was used to produce 
spherical mesoporous nanoparticles of uniform size distribution. These particles were used 
for the photoacoustic tomography. 
The originality of the project lies in the utilization of new sources of raw materials 
(wastewater from industries) and using chelating polymers as well as additives to develop a 
novel and environment friendly high purity alumina (HPA) production method. In addition, 
the alumina particle size and its distribution are controlled precisely, which is difficult to 
achieve with other alumina production methods. 
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RÉSUMÉ 
Les eaux usées provenant des différentes usines de traitement de l'aluminium 
contiennent de différents liquides de traitement de surface. Ces liquides sont strictement 
interdits d'être déchargés directement à l'environnement en raison de leur forte acidité. Des 
différentes usines et entreprises ajoutent de l'eau pour les diluer ou les neutralisent avec 
l'alcali. Ces traitements provoquent non seulement la décharge d'une partie des ions 
d'aluminium, mais également la libération d'un grand nombre d'ions métalliques nocifs et 
d'ions de métaux lourds. Dans ces cas, des grandes quantités de l'eau et de l'alcali sont 
consommées; en même temps, les eaux de surface, les eaux souterraines et le sol sont 
pollués par un grand volume d'eaux usées et de différents ions métalliques. 
Les objectifs principaux du projet sont : 1) d'extraire les ions d’aluminium ultra-purs 
des eaux usées et d'étudier l'effet de différents paramètres sur l'efficacité du procédé; 2) de 
produire la nano-alumine ultra-pure à partir des eaux usées en utilisant un modèle 
organique et d’étudier l'effet de différents paramètres sur la distribution granulométrique et 
la morphologie des nanoparticules; 3) d’explorer différentes applications des différents 
types des particules d'alumine. 
Dans ce travail, l'aluminium a été extrait des eaux usées sous forme d'alun en utilisant 
un modèle simple. Cette solution d'alun a ensuite été utilisée pour produire des particules de 
nano-alumine pur à 99,999% (5N). La solution d'alun a été hydrolysée pour produire une 
bohémite qui a également été utilisée pour produire des nanoparticules d’alumine sphérique 
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pure à 99,999% (5N). Ces microparticules d'alumine ont été utilisées pour produire des 
cristaux de saphir. 
Une approche basée sur la séparation induite par évaporation à double modèle a été 
utilisée pour produire des nanoparticules mésoporeuses sphériques avec une distribution de 
taille uniforme. Ces particules ont été utilisées pour la tomographie photoacoustique. 
L’originalité du projet est l’utilisation de nouvelles sources des matières premières 
(l’eau usée des industries) et des polymères chélatants et des additives afin de développer 
une nouvelle méthode écologique pour la production de l’alumine de haute pureté. De plus, 
la taille des particules de l’alumine et sa granulométrie sont contrôlées précisément, ce 
qui  est difficile à atteindre avec d’autres méthodes de la production de l’alumine. 
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Chapter 1 
Introduction  
1.1 Background  
The surface of different products made of aluminum and aluminum alloys is treated to 
improve appearance, durability, and adhesion properties. The surface treatment includes 
numerous physical and chemical processes. Physical surface treatments produce solid 
wastes and oil-bound suspensions. The chemical treatment results in large volumes of 
wastewater with high acidity. These liquids are strictly prohibited from being discharged 
directly into the environment. Different factories and enterprises add water to dilute them or 
neutralize them with alkali. These treatments result in the release of a large number of 
harmful metal ions and heavy metal ions. Thus, large amounts of water and alkali are 
consumed, at the same time, surface water, groundwater, and soil get polluted by a large 
volume of wastewater and different metal ions.  
Shi and Xia [1] extracted aluminum ion (Al3+) from aluminum foil treatment 
wastewater to prepare polyaluminum chloride (PAC), which can be used in other 
wastewater treatment plants as flocculants. However, he could not address the issue of the 
presence of other metal cations such as calcium, iron, copper, sodium or even heavy metal 
cations. These impurities continue to exist in the flocculants and may cause secondary 
pollution. 
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In recent years, different methods have been developed to convert aluminum ion (Al3+) 
in wastewater to a number of industrial products such as aluminum sulfate, aluminum 
carbonate, and polymeric ferric aluminum chloride. The intention is to do a resourceful 
recycling of the wastewater. The problem with these methods is that the products are 
mostly of low quality, and they are low value-added products. These products cannot be 
self-sufficient enough to support the cost of wastewater treatment; therefore, the recycling 
of wastewater cannot be effective and stable [2]. 
Some researchers proposed to treat wastewater by using ion exchange method such as 
the use of ion exchange resin for the recovery of aluminum ion (Al3+). This method can 
partially remove the metal ions due the preferential adsorption of different ions by the ion 
exchange resin, but cannot completely purify the wastewater. Especially, the long 
adsorption time, unstable adsorption amounts, and the cost of ion exchange resin makes this 
choice economically unviable for the factories and the enterprises [3-6]. 
Ultra-high purity nano-alumina is a value-added product and has the advantages of 
high density, high melting point, high hardness, and good chemical stability. It is widely 
used in a variety of optical devices, window materials, and sapphire substrate materials in 
modern high-tech industries. Alumina powder is conventionally produced from the bauxite 
ore by the Bayer process. This process is simple, but requires extensive processing and 
consumes large amounts of energy. The purity of the alumina produced is around 98% - 
99%. The particle size is usually bigger than 10 μm, and the particle size distribution is not 
uniform. Thus, the alumina produced by the Bayer process is mainly used for the 
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electrolytic production of primary aluminum. Based on the Bayer process, many methods 
have been developed. These methods include ammonium aluminum sulfate (aluminum 
alum), aluminum alkoxide, and flame sintering at high temperature. These methods require 
costly raw materials. The ammonium aluminum sulfate method needs high purity 
aluminum hydroxide; aluminum alkoxide method requires high purity aluminum block; 
high temperature sintering method utilizes high purity aluminum powder. At the same time, 
large amounts of harmful gases such as nitrogen oxides, sulfur monoxide, sulfur dioxide, 
hydrogen sulfide, and isopropanol, are released during the heat treatment of different 
chemicals. These methods generally have high raw material cost and can cause 
environmental pollution.  Also, it is difficult to control the size of the alumina particles. 
Alumina can be used in different high value-added products such as adsorbents [7], 
ceramics [8], catalysts and catalyst carriers [9], etc. These applications depend not only on 
the particle size, but also on the particle shape. Presently, the common shapes of aluminum 
oxide can be rod-like [10], fibrous [11], plate-like [12], spherical [13], etc. Seyed et al. [14] 
have successfully prepared γ-aluminum from kaolinite by the precipitation method 
combined with sulfuric acid leaching, and high temperature calcination. The alumina 
particles were large and the morphology was irregular. The particle sizes were between 0.5 
μm and 0.9 μm. Dabbagh et al. [15] and Feng et al. [16] prepared rod-like, fibrous, and 
spherical alumina particles by using a single template method and separating nucleation 
and aging steps (SNAS). The morphology of the alumina particles was mostly irregular. 
The dispersibility of the alumina particles were poor, the processes were complex, costly, 
and hard to control. Lv et al. [17] prepared spherical alumina with high thermal stability, 
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high sphericity, and uniform particle size distribution by dropping a boehmite sol in an oil-
ammonia column. The boehmite sol was the source of aluminum. However, the particle 
size of the prepared product was large, which limits its application area. Wu et al. [18] used 
aluminum isopropoxide precursor and polyethylene glycol - polypropelene glycol - 
polyethylene glycol (P123) block-copolymer template and synthesized organized 
mesoporous alumina with hierarchical structure. 
Mesoporous materials have the characteristics of high specific surface area, organized 
pore structure, narrow pore size distribution, and continuous pore size; therefore, they play 
an important role in adsorption and separation, especially in catalytic reactions [19]. The 
spherical alumina has high fluidity, which means it does not easily agglomerate, and will 
enhance the catalytic activity [20]. The nano-scale spherical mesoporous alumina can 
improve its application in adsorption, separation and catalytic reactions. 
Another important application of alumina is the production of sapphire crystals.  
Advances are made in the development of sapphire crystals in recent years because of its 
excellent optical, chemical, and other properties. It is the most common LED (Light-
Emitting Diode) substrate material. In the global market of LED substrate, two-inch 
sapphire wafers are widely used. The heat exchange method is a crystal growth technique 
used for the production of large sapphires. In 1970, Schmid and Viechnicki [21] first grew 
sapphire crystals using the heat exchange method. A heat exchanger was used to remove 
heat, causing a longitudinal temperature gradient that is cold at the bottom and warm at the 
top of the crystal growth area. The temperature gradient was controlled by regulating the 
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rate of gas flow in the heat exchanger (helium gas) as well as the heating power. The 
pressed alumina blocks were melted in a crucible at around 2100 ºC, and the sapphire 
crystals were slowly solidified by cooling with a flow of helium gas. The heat exchange 
method requires high-quality raw materials in order to have a stable temperature field 
during the crystal growth process. The segregation coefficient of the impurities in the 
melted crystal is set to less than 1. Impurities are therefore continuously discharged into the 
melted crystal from the solid-liquid interface and distributed to the outer layer of the 
surface where the crystals and the crucible wall come in contact [22-25]. 
In this work, aluminum has been extracted from the wastewater in the form of 
aluminum alum (in the rest of the text, alum refers to the aluminum alum). This alum 
solution was later used to produce 99.999% pure (5N) nano-alumina particles. The alum 
solution was hydrolyzed to produce boehmite which was also used to produce 99.999% 
pure (5N) spherical alumina nanoparticles by the single template method. These alumina 
nanoparticles were used to produce sapphire crystal.  
An evaporation-induced synthesis approach with double template was used to produce 
the spherical mesoporous nanoparticles of uniform size distribution. These particles were 
used for the photoacoustic tomography. 
1.2 Statement of the Problem 
It is important for the industry to develop methods to extract high purity alumina from 
wastewater produced by the chemical treatment of aluminum surfaces. The chemical 
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surface treatment methods conventionally used in the aluminum industry include chemical 
etching, electrochemical etching, chemical milling, dyeing, anodizing, etc. In these 
processes, large amounts of acids (such as sulfuric acid) are used. These surface treatment 
methods produce large volumes of wastewater with low pH. This type of wastewater also 
contains different metal ions. Depending on the purity and particle size, the alumina 
particles can be used in different fields. It is important to have a small average alumina 
particle size and a narrow particle size distribution in the range of 20 to 200 nm in order to 
control the quality (homogeneity) of the final product. It is necessary to explore different 
applications of alumina particles. The industry needs to find value-added products as well 
as novel applications which can increase the return and reduce environmental pollution. 
1.3 Objectives 
The main objectives of this study are: 
1. to extract ultra-pure aluminum ions from wastewater and to study the effect of different 
parameters on the efficiency of the process.   
2. to produce ultra-pure nano-alumina from wastewater using an organic template and to 
study the effect of different parameters on the particle size distribution and the morphology 
of nanoparticles.  
3. to explore different applications of the different types of alumina particles. 
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1.4 Originality 
1. Considering the increasing demand of high purity alumina (HPA) and the high cost, the 
novelty of this project is to test new sources of raw materials (wastewater from industries) 
and to develop a novel HPA production process. Nowadays, high purity raw materials are 
used to produce HPA. This project valorizes a wastewater effluent and not much research 
has taken place on the use of wastewater as raw material for HPA. 
2. Most of the existing HPA production processes (such as the Bayer process, the use of 
alum, etc.) are not environment-friendly because of the emissions of harmful gases and 
wastes. The novelty of the current project lies in the production of good quality HPA from 
industrial wastes in an environment-friendly way. 
3. Use of chelating polymers and additives has not been studied in detail in the production 
of HPA. Chelating compounds were used to reduce the trace element content in HPA 
during this study.  
4. Presently, the commercial methods do not have enough control on the size distribution of 
HPA produced. In this project, methods were developed to produce not only HPA, but also 
to control the particle size and its distribution. The effect of pH, dilution of raw materials, 
rate of addition of reagents, heating conditions, etc. on the quality of HPA has not yet been 
studied systematically.  
8 
 
  
1.5 Methodology 
Different wastewater samples were analyzed for aluminum and other metal ions and 
anions by ICP-OES, titration and liquid chromatography. The reagents used in this work 
were treated to improve their purity. The wastewater was treated with different chelate 
compounds under controlled pH conditions to remove different impurities. The effect of 
different parameters on the removal efficiency of the reagents was studied. Then, aluminum 
was extracted from the wastewater in the form of alum via the treatment with ammonia and 
sulfuric acid. This alum solution was later used to produce 99.999% pure (5N) nano-
alumina particles. Two different methods, namely single and double template methods, 
were used to control the size and the nature of the alumina particles. 
A single template method (using gum arabic and urea) was used to produce 99.999% 
pure (5N) spherical alumina nanoparticles. The template was removed by heating at 600ºC. 
These alumina nanoparticles were converted to alpha (α) form by heating at high 
temperature (1800ºC). Then, α-alumina particles were used to produce sapphire crystals.    
An evaporation-induced synthesis approach with double template (using gum arabic, 
P-123, and urea) was used to produce spherical mesoporous nanoparticles with uniform 
size distribution. The particles were heated to 600ºC to remove the template. These 
particles were used for photoacoustic tomography. 
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1.6 Scope 
In this thesis, the production of ultra-pure nano-alumina particles from wastewater has 
been studied. Two different methods, namely single and double template methods, have 
been used to synthesize nano-alumina particles. These nanoparticles were calcined at 
different temperatures and used in sapphire production and photoacoustic tomography. This 
thesis contains seven chapters. 
Chapter 1 is the introduction. It presents the background, statement of the problem, 
objectives, originality, general methodology and the scope of the thesis. 
Chapter 2 gives a comprehensive literature review which focuses on different methods 
of nanoparticle synthesis. 
Chapter 3 describes the methodology. This includes the characterization of wastewater 
and the treatment of reagents. This chapter also describes the application of the treated 
reagents to prepare high purity alum from wastewater. The alum solution was used to 
prepare nano-alumina particles which were finally used for sapphire production and 
photoacoustic tomography.  
Chapter 4 describes the results related to the preparation of high purity alum solution 
from wastewater. This chapter also includes the treatment and the characterization of the 
reagents to identify the conditions suitable for the purification of reagents. 
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Chapter 5 gives a detailed description of the production of 5N (99.999% pure) 
spherical alumina nanoparticles by single templating. The results of the characterization of 
nanoparticles and the effect of different parameters on nanoparticles have been presented.  
Chapter 6 describes the production of 5N (99.999% pure) spherical mesoporous 
alumina nanoparticles by double templating. The results of the characterization of 
mesoporous nanoparticles and the effect of different parameters on the nanoparticles have 
been presented.  
Chapter 7 presents the advanced application of 5N alumina nanoparticles in different 
fields. It includes the use of spherical alumina for sapphire growth using the heat exchange 
method and the application of mesoporous alumina nanoparticles in the photoacoustic 
tomography. 
Conclusions and recommendations of the work are given in Chapter 8. This is 
followed by a list of references and three appendices which present published articles and 
patents. 
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Chapter 2 
Literature review 
Different materials are essential for the social development. Generally, certain material 
structure and morphology are required for their applications in a specific field. Inorganic 
materials are an important branch of materials, which promote development of science and 
technology. Alumina is an inexpensive and widely used inorganic material. It has a 
complex structure and many crystalline polymorphic phases such as α-Al2O3, β-Al2O3, γ-
Al2O3, δ-Al2O3, θ-Al2O3, η-Al2O3, κ-Al2O3, χ-Al2O3, ρ-Al2O3, etc. The phase transition 
temperatures are different for different precursors during their calcination as shown in 
Figure 2.1 [26]. 
 
Figure 2.1: Phase transformation of alumina 
The morphology, purity, surface acidity and hydrothermal stability, the pore structure 
and other properties restrict the application of alumina. The research is ongoing on the pore 
structure, surface acidity and hydrothermal stability [27]. Morphology, as one of the 
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important parameters of particle characterization, has a substantial effect on the properties 
and applications of the products. The morphology of particles is influenced and controlled 
by its crystallization habit during the preparation using liquid phase method [28, 29], which 
is restricted by the environment and the growth conditions.  
There are some common liquid phase methods for synthesis of alumina, such as sol-
gel method, hydrothermal method, template method, precipitation method, emulsion 
method or microemulsion method and electrolysis method, etc. Alumina with different 
morphologies can be obtained by using different synthesis methods and optimizing the 
reaction conditions. 
2.1 Hydrothermal methods 
Hydrothermal method is an approach where a solution of different species is poured 
into a sealed reactor and treated to produce a single crystal. Utilization of the relatively high 
temperature in the reactor and the high-pressure growth environment promotes the 
dissolution and recrystallization of poorly soluble or insoluble material. Hydrothermal 
methods include hydrothermal synthesis, hydrothermal treatment, hydrothermal reactions, 
etc. During the hydrothermal process, the crystal grows to its largest possible size under the 
non-restricted conditions and its characteristics (various shapes, high degree of crystallinity, 
small size, uniform distribution, less particle agglomeration, etc.) form [30, 31]. The 
development of crystal face and the morphology of the crystal formed by hydrothermal 
synthesis are closely related to the hydrothermal conditions such as water temperature, 
pressure and the permittivity, viscosity and diffusion coefficient of the solution, etc. The 
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same type of crystal can be produced with different morphology under different 
hydrothermal conditions [32]. 
Li et al. [33] mixed ammonium aluminum sulfate, dispersant PEG2000 and urea in 
deionized (DI) water and stirred them vigorously to form a solution. Then, the solution was 
poured into a stainless steel pressure reactor with a Teflon lining. By changing the 
temperature of the water, mesoporous alumina with different morphologies were obtained. 
In the course of the reaction, following reactions take place: 
CO(NH2)2 + H2O          CO2 + 2NH3                            (1) 
NH3 + H2O             NH4 + OH-                                     (2) 
Al3+ + 3OH-           AlO(OH) + H2O                             (3) 
As Figure 2.2 (a) shows, when the temperature is 90ºC, the particles obtained are 
spheres of different sizes. As it is shown in Figure 2.2 (b), at the temperature of  
120ºC, the particles are superfine fiber-shaped. As Figure 2.2 (c) shows, massive fiber-
shaped particles are obtained at the temperature of 150ºC. The crystal orientation is 
dependent on the temperature which affects the growth rate of the crystal face, 
consequently, the morphology can be controlled by regulating the temperature. These 
results indicate that the morphology of the particles substantially changes with the 
increasing water temperature. 
  
14 
 
  
 
Figure 2.2: TEM images of alumina prepared under different temperatures.  
(a) 90ºC, (b) 120ºC, (c) 150ºC [34] 
Zhao et al. [34] prepared flat hexagonal-shaped nano-alumina by hydrothermal 
synthesis, using aluminum nitrate as aluminum source and sodium nitrate as additive. 
During the reaction, the Na+ of sodium nitrate was adsorbed onto the alumina surface, 
which hindered the accumulation of Al3+ and OH- ions. This affected the appearance of the 
particles. By changing the amount of sodium nitrate additive to control the growth of 
certain crystal face of alumina, hexagon-shaped alumina with different parameters was 
obtained. When the amount of sodium nitrate was 0.2 mol, the width of the particle was 
reduced and its length and thickness remained unchanged. When sodium nitrite was 0.4 
mol and 0.6 mol, the thickness increased and the length and width remained unchanged. 
The hexagon-shaped particles were gradually transformed into thicker particles as the 
sodium nitrate concentration increased as shown in Figure 2.3. 
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Figure 2.3: TEM images of nano-alumina with sodium nitrate concentration of  
(a) 0 mol, (b) 0.2 mol, (c) 0.4 mol, (d) 0.6 mol. [35] 
Depending on different reaction systems, particles have accordingly different crystal 
habits. Pramod et al. and Shi et al. [36] synthesized needle-like and plate-like  
α-Al2O3, respectively, in water and alcohol-water reaction systems by hydrothermal 
treatment method using Al(OH)3 colloid as precursor, as shown in Figure 2.4. 
 
Figure 2.4: TEM images of α-Al2O3 (a) needle-like α-Al2O3, (b) plate-like α-Al2O3 [36-37] 
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Mikhailov et al. [38] prepared hexagonal flake-shaped γ-Al2O3 by hydrothermal 
method with Al2(SO4)3⋅18H2O and ammonia as raw materials. This study has shown that 
pH of solution has a significant impact on the morphology of precursor. Under acidic 
conditions, the H+ in solution binds with the hydroxyl group, which is on the surface of the 
γ-AlO(OH) layered structure, thereby destroys this structure, eventually forms a rod-like 
nanostructure by rolling growth mechanism [39]. On the contrary, under alkaline conditions, 
it retains its layered structure, forming plate-shaped nanostructure. Figure 2.5 shows that 
when pH is 5, the product is rod-like; when pH is 7, the product is transformed from rod-
like to plate-shaped nanostructure; when pH is 9, the product has hexagonal shape. 
Boehmite converts into a γ-Al2O3 during the firing process, but its shape and size do not 
change. Calcining the plate-like precursor at 600ºC for 4 hours, resulted in the original 
hexagonal γ-Al2O3 with basically same size. 
 
Figure 2.5: TEM images of γ-AlO(OH) prepared at (a) pH=5, (b) pH=7, (c) pH=9 [40-41] 
2.2 Sol-gel method 
The sol-gel method refers to inorganic or organic alkoxide dispersed in solution. Using 
the transparent sol formed by hydrolysis and condensation of the precursor, a gel with 
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certain structure is formed during the aging process by the aggregation of the gel particles. 
During the sol-gel process, the microstructure of the material is controlled and cut at the 
mesoscopic level by means of low temperature chemical method, which changes the 
morphology and structure of the particles [42, 43]. 
Ning et al. [44] using acetic acid (AcOH) as additive and adopting two-step alkoxide 
hydrolysis sol-gel method, synthesized spherical and fibrillar Al2O3 nano powder in organic 
phase. The results showed that the amount of AcOH has a decisive effect on the 
morphology of the particles. As the amount of AcOH increased with respect to aluminum 
isopropoxide [Al(Opri)3], the shape of the particles gradually shifted from the fibrillar to 
the spherical shape, as shown in Figure 2.6. During the reaction, AcOH and other organic 
molecules containing functional groups N, O, S (ethylacetoacetate, polyamide, carboxylic 
acid salt) as additives coordinate with inorganic ion or are adsorbed onto the surface of 
crystal nucleus, which changes the growth rate of crystal face. This leads to the change in 
morphology of particles. 
 
Figure 2.6: TEM images of alumina nanoparticles with different amount of AcOH  
(a) No AcOH, (b) m(AcOH)/m[Al(Opri)3]<0.05, (c) m(AcOH)/m[Al(Opri)3]≈0.1 [44] 
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Figure 2.7: SEM images of alumina particles with different molar ratio of [Bmim] PF6 and 
aluminum isopropoxide (a) Al2O3-0, (b) Al2O3-0.03, (c) Al2O3-0.12, (d) Al2O3-0.18,  
(e) Al2O3-0.24, (f) Al2O3-0.30 [45, 46] 
Masouleh et al. and Ji et al. [45. 46] using aluminum isopropoxide [Al(Opri)3] as 
aluminum source, [Bmim] PF6 (1-Butyl-3-methylimidazolium hexafluorophosphate) as 
ionic liquid and adopting sol-gel method to change the molar ratio of [Bmim] PF6 and 
aluminum isopropoxide, successfully synthesized uniform rod-like mesoporous  
γ-Al2O3. This study has shown that ionic liquid plays a very important role in the 
morphology of products. As it is shown in Figure 2.7, with the molar ratio of [Bmim] PF6, 
aluminum isopropoxide increases from 0 to 0.18, the morphology of the products has a 
highly homogeneous rod shape. When the molar ratio of [Bmim] PF6 and aluminum 
isopropoxide is 0.18, the morphology of the products with rod shape has the best 
homogeneity. If this ratio exceeds 0.18, it is not conducive enough to form the rod shape. 
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2.3 Template method 
Template synthesis of nanomaterials is a cutting-edge technology developed since 
1990s. It is also a very effective nanomaterials synthesis method that has been widely used 
in recent years. Early in 1999, South Korean scientists Kim et al. [47] took MCM-48 
mesoporous silica as template and synthesized three-dimensional cubic mesoporous carbon 
CMK-1. In the same year, Japanese scientists Moriguchi et al. [48] used a cationic 
surfactant CTAB as template and synthesized disordered carbon materials by using 
phenolic resin as carbon source. Template method is not sensitive regarding the preparation 
conditions, easy to operate and implement, which controls the structure, morphology and 
particle size of nanomaterials through the template material (template). Template method is 
often divided into hard and soft template methods. Dong et al. [49] from Fudan University 
adopted hard template method. Through using mesoporous carbon pellets as a template, 
they have synthesized a variety of non-silicon-based mesoporous materials such as solid or 
hollow aluminum oxide, titanium oxide and aluminum phosphate microspheres. Firouzi et 
al. [50] and Huo et al. [51] from University of California used soft template method to 
explore a variety of different types of inorganic and organic combinations and proposed the 
general synthetic route to mesoporous materials. 
Morphology is an important parameter for characterization of material properties, 
especially in the mesoporous material. Morphology, together with particle size, surface area, 
pore structure determines the property of mesoporous materials, consequently, pinpoints 
their applications [52, 53]. Among these, mesoporous thin films, as film-like material, have 
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an unparalleled advantage in adsorption and separation compared to the other 
nanomaterials with different shapes [54, 55]. 
The template method changes the morphology of products, mainly, by controlling the 
crystal nucleation and growth during nanomaterial preparation. Route of nanomaterial 
synthesis by using the template method is generally divided into three steps: First, the 
template is prepared. Second, some common synthetic approach such as hydrothermal 
method, precipitation and sol-gel method is used to synthesize the target product using the 
template. Finally, third step is the template removal. The choice of template for 
nanomaterial preparation is critical. Templates usually can be grouped in two major 
categories: natural substances (nanomineral, biological molecules, cells and tissues, etc.) 
and synthetic materials (surface active agents, porous materials and nanoparticles, etc.). In 
addition, the templates are generally divided into two groups (hard template and soft 
template) based on the difference in the template structure [56, 57]. 
Template removal is the last step in the synthesis of nanomaterials. The appropriate 
method of removal has to be chosen such that the physical and chemical properties of the 
product should not be affected. Common removal methods include physical and chemical 
methods, such as dissolution, sintering, etching, etc. The morphology of the nanomaterials 
can be controlled using different hard and soft templates. 
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2.3.1 Hard template 
Hard template is a rigid material, whose stable structure directly determines the size 
and morphology of sample particle. A wide choice of hard templates is available, such as 
polymer microspheres, porous membrane, plastic foam, ion exchange resin, carbon fiber 
and porous anodic aluminum oxide (AAO), etc. [58, 59]. Because of their special structures 
and effect on particle size restriction, they play an important role in many fields. 
a) Porous anodic aluminum oxide (AAO) 
Porous anodic alumina has high pore density. The pores are evenly distributed and 
very thin. The pore size is adjustable in range of 50-200 nm and the pore density is between 
1 × 109 and 1 × 1012 cm-2 [60, 61]. It is widely used in the preparation of nano functional 
devices. For example, it is used in the deposition of metal, semiconductor, conductive 
polymer and other functional materials and has been successfully applied in fields of 
magnetic recording materials, optoelectronic components, electronics, etc. [62-69]. 
The preparation process of AAO has not been unified. Usually the high purity 
aluminum piece is placed into an acidic solution, and AAO is obtained by electrolysis by 
the anodic oxidation. By changing anode voltage and the composition, and concentration of 
electrolyte, the size and distribution of the pores are controlled. The structure diagram of 
AAO is shown in Figure 2.8. It can be seen from this figure that there is a dense alumina 
called the barrier layer between the non-oxidized aluminum matrix composite and the 
porous layer. Since the barrier layer hinders the contact between the electrolyte solution and 
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the electrode, this layer needs to be removed during the preparation of the sample by 
electrodeposition. The aluminum matrix composite also have to be removed in order to 
obtain the double pass AAO template. 
 
Figure 2.8: Structure diagram of AAO [70] 
Porous anodic alumina is widely used in the preparation of nanomaterials because of 
the adjustability and quantum level of pore size, such as in the preparation of one-
dimensional nanomaterials (nanowires, nanotubes), zero-dimensional materials (nanodots), 
mesoporous films, etc. The method of preparing nanomaterials by using porous anodic 
aluminum oxide as template is divided into two groups: one, electrochemical deposition; 
two, deposition without electrolysis. The precursor is deposited in the inner hole of the 
AAO template, and it controls the structure of the nanomaterial by guiding the spatial 
restriction of the cylindrical bore arranged in matrix. The morphology of the particle 
obtained during the present work is similar to that of the AAO template. Sun et al. [71] 
used AAO as the template and the electrochemical deposition method to prepare the ZnS 
nanowires with a diameter of 30 nm, as shown in Figure 2.9 (a). Lu et al. [72] synthesized 
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rod-like mesoporous silica by using polypropylene glycol and P123 as surfactant, silica as 
precursor in the AAO template, which is shown in Figure 2.9 (b). Forrer et al. [73] 
prepared gold nanowire arrays by using AAO template technique. The synthetic process 
schematically demonstrate how the AAO template produce gold nanowires which is given 
in Figure 2.9. Figure 2.10 (a) shows an AAO template with subsequent pores and Figure 
2.10 (b) shows gold nanoparticles which were deposited in the pores by applying the AAO 
template potential in a gold bath. Figure 2.10 (c) shows that when the alumina and the 
aluminum base metal were removed with a NaOH solution, a free standing array of 
nanowires were exposed.  
 
 
 
 
  (a)                      (b)                
Figure 2.9: TEM images of productions using fabricated by AAO template. 
 (a) ZnS nanowires, (b) rod-like silica [72] 
 
Alum
ina membrane SBA-15 nanorods 
40nm 
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Figure 2.10: Synthesis of gold nanowires using porous aluminum oxide membrane template 
[73] 
b) Mesoporous carbon 
Mesoporous carbon is an important member of mesoporous materials. Its pore 
distribution is uniform and the pore diameter is generally between 2 nm and 50 nm. It has 
regular pore structure and high specific surface area. It is also thermally and chemically 
stable. Mesoporous carbon materials are widely used in many fields such as hydrogen 
storage, adsorption, catalysis, batteries, capacitors, etc. [74-80]. 
Synthesis methods of mesoporous carbon can be divided into catalytic activation, 
organic sol-gel method and template method, etc. Catalytic activation is used to synthesize 
mesoporous carbon through the catalytic effect of metals and their compounds, which act 
on carbon gasification [81, 82]. The activation reaction mainly occurs around the metal 
particles, which can inhibit the formation of micropores and increase the mesopores [83]. 
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Organic sol-gel method was proposed by Pekala and Schaefer [84]. This method uses the 
gel formed by the polymerization of precursor as carbon source, and the mesoporous 
carbon is obtained by high-temperature carbonization. Rui et al. and Zhang et al. [85, 86] 
mixed melamine and formaldehyde with NaCO3 as catalyst, and added mixed solution of 
phenol and formaldehyde, and finally phenolic resin to get organic moisture gel. Finally, 
mesoporous carbon is obtained by carbonization. The structure of mesoporous carbon is 
shown in Figure 2.11. 
 
Figure 2.11: TEM images of mesoporous carbon structure (a) top view, (b) side view [87] 
As the pore diameter of mesoporous carbon is even and the structure is ordered, it is 
often used as template to synthesize ordered mesoporous materials such as nano zeolite 
molecular sieve and mesoporous metal oxides, etc. In the synthesis of mesoporous 
materials, the mesoporous carbon pores are copied to a new mesoporous material by means 
of the nano replication technology, so the morphology and structure of the particles 
obtained by this method are similar to those of the mesoporous carbon. Roggenbuck and 
Tiemann [88] , and Roggenbuck et al. [89] synthesized successfully the hexagonal ordered 
mesoporous MgO by using mesoporous carbon CMK-3 (manufactured by ACS Material, 
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Medford, MA) as the template, as shown in Figure 2.12 (a). Sakthivel et al. [90] used 
ordered mesoporous CMKs as the template to synthesize mesoporous zeolite molecular 
sieve. Yang et al. [91] synthesized the aluminosilicate molecular sieve RMM-1 with the 
cubic crystal system by CMK-1, which is shown in Figure 2.12 (b); aluminosilicate 
molecular sieve RMM-3 with the hexagonal crystal system by CMK-3, as shown in Figure 
2.12 (c). 
   
(a)                               (b)                                (c) 
Figure 2.12: TEM images of particles prepared by CMKs-template (a) hexagonal 
mesoporous MgO, (b) RMM-1 with cubic crystal system, (c) RMM-3 with the hexagonal 
crystal system [91] 
In the preparation of nanomaterials by using mesoporous carbon or other porous 
materials as the template, the precursor tends to crystallize inside the pores or deposit 
outside the pores. When the diameter of the pore is larger than that of the primary unit cell 
of the material, the space of the pore will accommodate the unit cell, forming a crystal 
material which has the similar structure as the pore. On the contrary, when the diameter of 
the pore is smaller than the primary unit cell unit, the crystal tends to form core and grow 
between the pores, and finally become irregular crystalline material. 
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c) Polymer microspheres 
The methods of synthesizing polymer microspheres are methods such as emulsion 
polymerization, microemulsion polymerization, soap-free emulsion polymerization, 
suspension polymerization, dispersion polymerization, etc. By controlling the rate of 
polymerization, the particle size can be controlled. Zhang et al. [92] have studied the effects 
of various factors (such as dispersion stabilizer, monomer, initiator, reaction medium 
polarity, reaction temperature and agitation speed) on the particles, successfully 
synthesizing the polystyrene microspheres whose particle size is in the range of 1 µm to 10 
µm.  
The polymer microsphere has a good dispersivity and an easily adjustable particle size. 
It is usually used to synthesize the spherical-shaped particles or near-spherical core-shell 
and the hollow structure after modifying the surface of the particles. Lin et al. [93] 
synthesized the compound of PSA / ZnS / CdS core-shell structure by using homemade 
polystyrene - acrylic microspheres (PSA) as a template using the dip method. Then, the 
template PSA was removed with toluene solution, finally obtaining ZnS / CdS composite 
hollow microspheres, whose microsphere size can be regulated by the amount of emulsifier. 
Figure 2.13 shows the particle morphology during various preparation stages. 
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                                       (a)                              （b）                             （c） 
Figure 2.13: TEM images of ZnS/CdS composite hollow microspheres prepared by PSA  
(a) PSA, (b) PSA/ZnS/CdS, (c) ZnS/CdS 
Hard template is a commonly used method for the synthesis of nanostructured 
materials such as nanoparticles, nanorods, nanowire, nanotubes, nanobelts and so on in 
recent years. Since the method is capable of preparing templates with different nano-hole 
size and structure under various requirements, using physical or chemical growth or 
deposition of nanomaterials in nanopores for nanomaterials fabrication, the dimensions and 
specifications of target production can be precisely controlled. 
Because of the stability of hard template structure, it is often used as the "micro 
reactor" in synthesis, during which a precursor is filled into the pores of the hard template 
or absorbed at its surface by impregnation or chemical vapor deposition method. The 
special structure of the hard template restricts the crystallization or aggregation of the 
precursors, and a mesoscopic phase having a structure opposite to that of the template can 
be obtained with the removal of template material by the appropriate method. Particles with 
different morphologies can be obtained by choosing hard templates with different structures. 
1μm 
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2.3.2 Soft template 
The soft template does not have a fixed rigid structure. In the synthesis of 
nanoparticles, an aggregate with some certain structural features is formed by means of the 
intermolecular or intramolecular interaction force (hydrogen bonding, chemical bonding 
and static electricity). Inorganic species are deposited on the surface or the interior of these 
templates by means of electrochemical method, precipitation and other synthetic methods, 
forming particles with certain shape and size. Common soft template can be a surfactant, 
polymer and bio-polymer, etc. The soft template has broad prospects for development in 
the synthesis of nanomaterials because of its advantages such as its good repeatability, 
simplicity of the process and no requirement for the removal of silicon [94-98]. 
a) Surfactants 
Surfactants are amphiphilic molecules, including ammonium salts, heterocyclic, 
carboxylic acid salts, sulfonate salts and other ionic or non-ionic surfactants. It is easy for 
the amphiphilic molecule groups to form a variety of ordered polymers in a solution, such 
as liquid crystals, vesicles, micelles, microemulsion, self-assembled film, etc. [99, 100]. 
From the perspective of material chemistry, it is generally thought that the interaction 
between liquid crystal phase of surfactants and organic - inorganic interface play a decisive 
role in the morphology of mesoporous materials [101, 102]. In the strongly acidic 
environment, the interaction between the organic - inorganic interface is weak hydrogen 
bonds, while in a strong alkaline environment, it is strong electrostatic attraction. Liquid 
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crystalline phases formed by surfactants in the solution have various structures, such as 
lamellar phase, cubic phase, hexagonal phase, etc. It is also easy to construct and adjust 
[103]. Therefore, it is an ideal reactor for synthesizing mesoporous materials. The lamellar, 
cubic, hexagonal structures are shown in Figure 2.14. 
 
Figure 2.14: Structure of liquid crystals 
It is relatively easy to control the hydrolysis and polymerization of silicon species. 
Moreover, mesoporous silica with fibrous, thin film, tubular, spherical and other different 
morphologies can be obtained by combining the collective effect of surfactants and the 
reaction environment. Zhang et al. [104] synthesized worm-like monodisperse mesoporous 
silica microspheres in neutral alcohol - water system by using laurylamine as surfactant, 
tetraethyl orthosilicate as silicon source. The silica microsphere is shown in Figure 2.15 (a). 
The pore diameter can be regulated and controlled by adjusting the molar ratio and the 
concentration of the reactants and the ratio of alcohol/water. Wang et al. [105] synthesized 
mesoporous silica thin film in an acidic environment, which is shown in Figure 2.15 (b), 
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using tetraethyl orthosilicate as silicon source, cationic surfactant cetyltrimethylammonium 
bromide as template. 
    
                                             (a)                                                        (b) 
Figure 2.15: TEM images of mesoporous silica (a) silica microsphere  
(b) mesoporous silica thin film [105] 
b) High polymer 
High polymer is often used as a template for the synthesis of mesoporous materials 
because of its large molecular weight, good stability and diversity of molecular structures. 
The pore structure and the morphology play a decisive role in the application of 
mesoporous materials. In recent years, researchers have emphasized the importance of 
controlling the morphology of mesoporous materials [106, 107], as different forms 
correspond to different application fields. 
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High polymer as a template and organic precursor form a certain liquid crystal 
structure by self-assembly method. In the fine crystal nucleation process, the selectivity of 
high polymers and certain crystal phase interact with each other, promoting or inhibiting 
the growth of crystal and thereby controlling and improving the morphology, size and 
distribution of particle. Li et al. [108] successfully synthesized cuprous oxide crystals, 
which is lamellar, urchin-like, one-dimensional line and acicular, in CuSO4 and Na2SO3 
system by using polyacrylamide (PAM) as template and adjusting the concentration of Cu2+, 
PAM content and temperature. The lamellar, urchin-like and acicular cuprous oxides are 
shown in Figure 2.16. 
 
 
 
 (a)                                     (b)                                 (c) 
Figure 2.16: TEM images of cuprous oxide crystals (a) lamellar cuprous oxide crystal,  
(b) urchin-like cuprous oxide crystal, (c) acicular cuprous oxide crystal [108] 
Block copolymer is one of the most important high polymers, which is connected by 
polymer chains with two or more different properties. During the process of synthesis of 
mesoporous materials, hydrogen bonding occurs as the hydrophilic segments and 
precursors interact with each other which results in the formation of the ordered 
mesoscopic phase. The pore diameter of the mesoscopic phase is determined by the 
1μm 1μm 1μm 
33 
 
  
hydrophobic chain of the block copolymer. Therefore, the larger the molecular weight of 
hydrophobic segment is, the stronger the hydrophobic property is, and the larger the 
synthesized pore diameter is [109]. 
c) Biopolymer 
Since biopolymer has the advantage of availability in wide variety of sources, its 
complex structure, non-toxicity and easy removal, etc., it has great potential to be used as a 
template in synthesis of other materials. By means of inducing the biomineralization of 
inorganic nanoparticles, biopolymer synthesizes nanomaterials can have certain structures. 
Common biopolymers are DNA, proteins and polysaccharides, etc. Wang et al. [110] 
using linear DNA molecules of the same length as a template and controlling the synthesis 
of DNA sequences, synthesized petaloid and spherical gold nanoparticles. Zhang et al. [111] 
successfully synthesized hierarchical porous SnO2 nanomaterials that have a structure of 
cotton fibers by using cotton as a template and respectively adopting solvothermal method, 
ultrasonic method and impregnation method. 
Li and Zhao [112] schematically summarized two synthetic strategies of soft template 
method as shown in Figure 2.17. There are two common mechanisms of the soft template: 
inorganic species and surfactants directly have supramolecular self-assembly, forming 
organic-inorganic phase. The organic and the inorganic species can combine by 
electrostatic bonding, hydrogen bonding or covalent bonding. The interaction between 
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inorganic species and surfactants is weak. Hence it is necessary to add an intermediate 
phase as a link to connect them, forming a stable organic-inorganic phase.  
 
Figure 2.17: Mechanism of soft template method [112] 
In the self-assembly process, inorganic species interact with surfactants driven by 
electrostatic force, covalent bond or hydrogen bond. The interaction of the organic 
(surfactants)/inorganic (inorganic species) interface is a weak hydrogen bond force in the 
strong acid environment while it is a strong electrostatic attraction force in the strong 
alkaline environment. Thus, inorganic species at the interface polymerize and crosslink, and 
assemble with surfactants [113, 114]. 
2.3.3 Comparison of hard and soft template  
Hard template is mainly used for some previously prepared template material, such as 
AAO template, mesoporous carbon, polymer microsphere and so on. Hard template has 
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high reproducibility and stability, and it is mostly used for synthesis of arrays of 
nanomaterial. However, the separation of template and production may cause damage to the 
structure of nanotubes, nanowire or hollow balls. 
On the other hand, soft template is mainly based on action of the micelle which form 
organic-inorganic phase between surfactant, high polymer and biopolymer, and target 
product. The aggregation by weak intermolecular or intramolecular interaction creates a 
certain structure of space. Such aggregates have significant structural interface. Soft 
template is formed during the reaction whereas hard template is prepared before the 
reaction. Hence, soft template is easier to build and remove than the hard template. It does 
not require complex equipment and strict production conditions and the reaction can easily 
be controlled. Soft template is mostly used to produce various size and sharp structure of 
nanomaterials. 
2.4 The effect of calcination system on the morphology of alumina 
The alumina calcination system is very important for obtaining nanoparticle powder 
with monodispersity and uniform morphology. Nano Al2O3 powder, which is composed of 
widely used α-Al2O3, γ-Al2O3 and amorphous Al2O3, is generally obtained from alumina 
precursor calcined at different temperatures. Therefore, the compaction among alumina 
particles of high activity is inevitable at high temperature. Thes results in severe particle 
agglomeration and resintering of individual particles with surrounding ones after melting 
with a formation of dendritic structure called "neck formation" of particle [115]. The result 
of the experiments showed that the calcination temperature, holding time and heating rate 
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have a significant effect on the morphology of alumina. While the temperature is less than 
800ºC, alumina particles can continue to maintain their original morphology. If the 
temperature becomes higher than 800ºC, the activity of alumina particles is enhanced, and 
agglomeration begins to occur [116]. Ceresa et al. [117] first presented the relationship 
between temperature and phase transformation of alumina during the calcination process. 
 
Figure 2.18: The relationship between temperature and phase transformation of 
alumina [118] 
It can be seen from Figure 2.18 that the calcination temperature and time have a 
significant influence on the transformation of alumina (crystal type). When alumina 
particles calcined at the desired temperature in order to obtain certain crystal types, the 
calcination time depends on the size of the precursor. The smaller the particle size of 
precursor is, the shorter the time required for the calcination is and the higher the 
temperature of the heat treatment is, the shorter the time required for the calcination is. The 
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method of controlling the temperature and time during the calcination of Al2O3 is well-
known. This method ensures that while the Al2O3 particles go through a complete phase 
change, their morphology remains unaffected and the dispersion of particles are reduced 
[118]. 
A significant amount of research is carried out in this area. Effective methods are 
proposed to control the morphology of alumina particles such as using DI water, alcohol 
and organic solvent mixtures to wash precursor before calcination in order to prevent 
agglomeration, enhance the dispersion, and increase the specific surface area of alumina 
[119]. In addition, the sintering properties of the powder can be improved with ultrasonic 
pretreatment, so that the neck formation created by agglomeration of the particles will not 
occur until 1400ºC [120]. The phase transformation temperature of γ-Al2O3 to α-Al2O3 can 
be decreased if sintering is carried out under the CO2 or ethanol atmosphere, consequently, 
the well-crystalline spherical α-Al2O3 is eventually obtained [121]. 
Dispersants and surfactants also play an effective role in dispersion of particles and 
control of agglomeration. For example, using poly (methacrylic acid), organic acid, glucose, 
sucrose, inorganic salts, trimethylsilane and other additives [122], which results in a strong 
electrostatic repulsion among particles, eventually change the polarity of the particle 
surface from hydrophilic to hydrophobic (water-repellent). Polyacrylamide, silica gel and 
lignin and other polymer dispersants can form a protective layer with certain strength and 
thickness on the particle surface and prevent the agglomeration of the particles [123]. 
Surfactants can form a coating layer of several nanometers on the surface of the particles, 
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which can reduce the surface energy and effectively hinder the interactions among the 
particles [124]. 
Besides, by adding 5 wt% α-Al2O3 seed and 44% NH4NO3 during the calcination 
process, the phase transition temperature can be decreased from 1200ºC to 900ºC [125].  
The amorphous Al2O3 particles obtained at 600ºC is light yellow while the additive is 
still present on the surface of the particles. This coating gradually disappears while 800ºC is 
reached. In addition, some additives can decrease the phase transition temperature of α-
Al2O3 to 1000ºC. As the temperature increases, the grain size of Al2O3 will inevitably 
increase, meanwhile the agglomeration will start to occur. This is due to the fact that when 
Al2O3 is completely transformed to α phase, the spatial arrangement of the O2 in α- Al2O3 
occurs, which is the reconstruction of phase transition from face-centered cubic to 
hexagonal close packed lattice [126]. The effect of different parameters on the properties of 
alumina nanoparticles has been published and presented in Appendix I.  
2.5 Summary  
The production of Al2O3 can be influenced by various factors such as raw materials, 
concentration, different synthesis methods, additives, heat treatment system, etc. During the 
preparation of Al2O3, the morphology of the precursors and the protection of the particles 
during heat treatment play a decisive role in the final morphology of alumina. The 
morphology will not change during the low temperature heat treatment. However, when 
high temperature is reached, the diffusion of the powder particles accelerates. Thus, the 
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particles diffuse from the inside to the surface of the crystal lattice and spread to the 
surrounding resulting in the neck formation as well as the agglomeration of surrounded 
particles. The morphology of the particles changes accordingly. The use of various 
additives effectively reduces the calcination temperature; consequently, the problem of 
particle agglomeration can be solved. The utilization of template is a new research hotspot 
with the objective of improving the dispersibility of Al2O3 powder and controlling the 
shape of the sample particles. 
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Chapter 3 
Methodology 
3.1 Experimental 
The schematic of the methodology is shown in Figure 3.1. It includes: 
1. Characterization of the wastewater 
2. Treatment of the reagents and improve the purity 
3. Preparation of high purity alum solution from the wastewater 
4. Production of 5N (99.999% pure) spherical alumina nanoparticles by single 
templating 
5. Production of 5N (99.999% pure) spherical mesoporous alumina nanoparticles by 
double templating 
6. Application of the 5N alumina nanoparticles in different fields: 
a. Preparation of sapphire crystal 
b. Photoacoustic tomography 
Each step is presented in detail below. 
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Figure 3.1: Schematic of the methodology  
42 
 
  
3.1.1 Characterization of the wastewater 
The concentration of different metallic impurities in the wastewater sample was 
measured by ICP-OES (inductively coupled plasma-optical emission spectroscopy). The 
concentration of Al3+ in the wastewater was also measured by back titration method, and 
the results were compared. The back titration method, being less costly, can be used in the 
industry. Then the concentrations of the anions in the water sample were measured using 
LC (liquid chromatography).  
a) Back-titration of Al3+ 
The complexation reaction of aluminum with ethylene-diamine-tetra-acetic acid 
(EDTA) chelate is usually slow. The rate of reaction is relatively higher at high temperature 
when the pH of the solution is three. The pH 3 was maintained by acetic acid/sodium 
acetate (AcH/AcNa) buffer. Thus, measured amount of the AcH/AcNa buffer was added in 
measured quantity of the water sample. After, known amount of EDTA solution (of known 
concentration) was added and boiled. This helps all the Al3+ ions to form complex. Excess 
EDTA stays in the solution. Measurement of the excess EDTA can give an idea of the 
amount of aluminum in the solution. Determining the concentration of a solid by titrating 
an excess reagent with another reagent is called back-titration. It is helpful when the rate of 
reaction of the solid with an acid is too slow, in which case the application of the direct 
titration method is not suitable. 
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To do this the pH of the medium was changed to 4.5 by adding tetramethyline-
triamine. An indicator xylenol orange was added to the solution. The indicator can bind 
with metal and change color. In the free-state, the color of the indicator is yellow. The color 
turns to red when it combines completely with a metal ion under acidic condition. Thus, 
xylenol orange indicator was added to the solution and the color of the solution became 
yellow. To know the amount of excess EDTA a solution of ZnCl2 was used. ZnCl2 solution 
was added dropwise. The Zn2+ made complex with the excess EDTA as the rate of reaction 
between Zn2+ and EDTA is faster than that between Zn2+ and the indicator. As soon as the 
all the excess EDTA made complex with Zn2+, further addition of ZnCl2 solution resulted 
in the reaction between the Zn2+ ion and the indicator. As the colors of the free and 
combined indicators are yellow and red respectively, the color of the indicator changed 
from yellow to orange (combination of yellow and red) and finally the indicator became red. 
Thus, the red color indicated the end of the titration. From the amount of ZnCl2 solution, 
the amount of excess EDTA was calculated. This result was in turn used to calculate the 
concentration of aluminum in the water sample. 
Figure 3.2 shows the changes in color (bright yellow → orange → red) of the solution 
during titration.  
 
 
Figure 3.2: Change in color during titration by ZnCl2 solution 
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3.1.2 Treatment of the reagents and improvement of the purity  
At first, the trace elements of activated carbon powder and molecular sieve powder 
were measured by ICP-OES (inductively coupled plasma optical emission spectrometry). 
Sulfuric acid was diluted by ultrapure water to have different concentrations (mass fraction 
0.98%, 3.87%, 7.61%, 11.22% and 14.65%). Activated carbon and molecular sieve 13X 
powder was added into sulfuric acid solutions and waited for 12 hours. After soaking, the 
powders were washed by ultrapure water for 3-5 times and the trace element contents were 
measured. Every experiment was repeated at least three times and the average of the results 
were reported. Finally, the removal efficiency of the trace elements for different mass 
fractions of sulfuric acid solutions were calculated and compared.  
3.1.3 Preparation of high purity alum solution from the wastewater 
The method is highlighted in red in Figure 3.1. The wastewater was treated with SX-1, 
sulfuric acid solution, and aqueous ammonia to produce ammonium aluminum sulfate 
(alum) under controlled pH of 3~3.5. This ammonium aluminum sulfate solution was 
treated repeatedly till 99.99% pure alum solution was obtained.  The pH of the solution was 
then adjusted to 10, and the solution was passed through a column of PX-17 to remove 
most of the impurities. Alum crystals with 99.999% purity were produced after 2~3 times 
of recrystallization. The ultrapure crystals were dissolved in ultrapure water to get the alum 
solution. The laboratory scale experimental system is shown in Figure 3.3. 
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Figure 3.3: Laboratory scale experimental system to obtain high purity alum solution from 
wastewater 
(1.Iron support, 2.High speed teflon stirrer, 3.lron clip, 4.Three necked flask,  
5. Funnel 6. Dropper, 7. Reaction solution, 8. Glass water bath, 9. Temperature controller, 
10. pH and temperature detector) 
3.1.4 Production of 5N (99.999% pure) spherical alumina nanoparticles by 
single templating 
Spherical alumina nanoparticles were synthesized with boehmite (AlO(OH)) as the 
precursor, gum arabic (GA) as the template, and urea as the precipitant/cross-linker. The 
details of the method are described in Section 5.2. 
3.1.5 Production of 5N (99.999% pure) spherical mesoporous alumina 
nanoparticles by double templating 
Spherical mesoporous alumina materials were synthesized using alum/boehmite 
(AlO(OH)) as precursor, gum arabic (GA) and P123 as double template, and urea as 
 
10 
9 
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precipitant/crosslinker by the evaporation induced self-assembly (EISA) approach. The 
details of the method are described in section 6.2. 
3.1.6 Application of the 5N alumina nanoparticles in different fields 
3.1.6.1  Preparation of sapphire crystal 
The 99.999% pure spherical nano-alumina powder was heated at 1800°C for 1 h to 
convert it to α-alumina.  In the crystal growth process, the powdered raw material 5N 
alumina particles need to be pressed into a bulk form to prevent the powdered raw material 
from being evacuated while exhausting air from the furnace; this process also causes the 
density of the raw material to increase. Before placing the crystal into the crystal furnace, 
the furnace must be cleaned and the air flow rate must be increased in order to eliminate 
excess particulate dust and gas in the furnace. The crucible containing the raw materials 
must be cleaned with ethanol and acetone before use. Seeds were then stuck to the bottom 
center of the furnace, with the crucible placed on top of the heat exchanger in the furnace so 
that their center of gravity will coincide. The bulk form of the raw materials produced by 
hot-pressing the ball milling mixture was placed into the crucible one by one, in order to 
avoid introducing impurities during this process. After the materials were placed into the 
furnace, the furnace was closed. The growth process program was turned on, the parameters 
were set, and crystal began to grow. Crystal growth using the heat exchange method was 
divided into the following stages:  
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(1) Heating and melting: The temperature was increased to 1800°C so that the raw 
material starts melting. During the process, the cooling helium gas flow rate was adjusted 
in the seed crystal spindle tube, ensuring that the seed at the bottom of the crucible does not 
completely melt.  
(2) Crystal growth: Once the raw material was melted, the gas flow rate and the 
temperature gradient in the furnace were increased in order to promote melting. Crystals 
should grow bottom-up along the seed crystal orientation in the low temperature region.  
(3) Annealing and cooling: After the sapphire crystal had reached its final size, the 
helium flow was reduced to lower the temperature gradient in the furnace, and reduce the 
thermal stress in the crystal to avoid cracking. At the same time, the heating power was 
slowly reduced to zero and the crystal began to cool to room temperature. Sapphire crystal 
samples must undergo several processes, such as orientation and slicing using crystal X-ray 
orientation instruments, cutting using a single wire-cutting machine, lapping and copper 
polishing using a grinding machine, and grinding and polishing using a fine-polishing 
grinding machine, in order to obtain a two-inch sapphire wafer.  
During the experiments on sapphire crystal growth, alumina with different 
morphologies was used. For each case 10 sapphire crystals were produced. In this study, 
the average length of crystal rods produced were calculated, using the total length of crystal 
rods for each crystal as an index, to determine the influence of different intermediate Al2O3 
morphologies on sapphire growth using the heat exchange method. 
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     (a)                                   (b) 
Figure 3.4: Heat exchange method crystal growth equipment (a) outside view of the crystal 
growth furnace, (b) inside view of the crystal furnace. 
3.1.6.2  Photoacoustic (PA) tomography 
Optical imaging plays an important role in preclinical and clinical imaging. The major 
constraint of optical imaging is diffusion of light. This diffusion reduces the spatial 
resolution in deep-tissue imaging. Photoacoustic (PA) tomography is a new technique that 
can overcomes this challenge. In PA tomography absorbed optical energy is converted into 
acoustic energy. As acoustic waves scatter much less than optical waves in tissue, PA 
tomography can generate high-resolution images. In this method chromophores (such as 
haemoglobin present in blood) or optically active chemicals (such as gold nanoparticles 
injected in blood stream) are irradiated by short laser pulse. These chemicals are commonly 
known as target. The pulse energy is partially absorbed by the target and converted into 
heat, which generates a local transient temperature rise, followed by a local pressure rise 
through thermo-elastic expansion, and may cause cracks in the particles. The pressure and 
the cracks generate ultrasonic waves, which are detected by ultrasonic transducers placed 
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outside the tissue. A PA image is then formed by resolving the origins of the ultrasonic 
waves from their arrival times. Gold nanoparticles can act as the target material for PA 
tomography. In this thesis, some preliminary works were done on gold particles that can be 
used as target materials for PA tomography (see Appendix II). The response of gold 
nanoparticles can be increased if a cluster of gold nanoparticles (separate nanoparticles in a 
group) is present. This can be achieved by doping gold nanoparticles into mesoporous 
alumina matrix. The gold nanoparticles will be embedded in the pores of the alumina 
matrix. Thus, a number of studies have been done on the modification of alumina 
nanoparticles so that they can be used as matrix for gold nanoparticles in PA tomography. 
3.2 Characterization of alumina samples 
X ray diffraction (XRD, PANalytical X’Pert PRO, Almelo，Holland) and scanning 
electron microscope (SEM, KYKY-2800B) were used to study the crystallinity and 
morphology of prepared powders and sapphire wafers. Transmission electron microscopy 
(TEM) measurements were carried out using Tecnai G2 F20 operated at 200 kV. All 
samples were first dispersed in ethanol and then collected by using copper grid covered 
with carbon films for measurements. Nitrogen sorption isotherms were measured at 77 K 
on a Micromeritics Tristars 3000 analyzer. Before measurements, the samples were 
degassed in a vacuum at 180ºC for at least 6 h. The Brumauer-Emmett-Teller (BET) 
method was utilized to calculate the specific surface areas (SBET), using adsorption data in 
a relative pressure range from 0.04 to 0.2. The pore volume and pore size distributions 
derived from the adsorption branches of isotherms by using Barrett-Joyner-Halenda (BJH) 
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model. Transmissivity testing (UV-VIS-NIR) is a test method for characterizing the optical 
transmittance of crystals in the ultraviolet, visible, near-infrared bands, which is the main 
characterization method for the optical properties of crystal. The main principle of the test 
is the Beer-Lambert law. After a certain band of light is transmitted through the crystal 
materials, the light intensity remaining after absorption, scattering, reflection and the like is 
deducted. The transmittance of sapphire wafers at room temperature within 190~1100 nm 
was measured using the Cary60 type UV-VIS-NIR transmittance tester.  
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Chapter 4 
Preparation of high purity alum solution from the wastewater 
4.1 Introduction  
Ultra-high purity nano-alumina is a value-added product that can be prepared from 
wastewater containing aluminum. Alumina powder is usually produced from bauxite ore by 
the Bayer process. However Bayer process, as it is, cannot control the size distribution of 
the nanoparticles. The quality of alumina nanoparticles improve significantly if the purity is 
99.999% and the size distribution is uniform. The existing methods, which are variants of 
the Bayer process, are not capable of extracting high purity alumina with narrow size 
distribution from wastewater. Thus, developing a novel method not only to extract alumina 
with high purity (99.999%) from wastewater but also to produce alumina with specific 
average particle size and uniform size distribution has significant influence on the high 
value-added applications of alumina. Furthermore, when the value of these applications 
exceeds not only the cost of recycling of wastewater but also the cost of HPA production, 
wastewater treatment becomes sustainable.  
In this chapter, the extraction of aluminum from the wastewater in the form of alum is 
explained. This alum solution was later used to produce 99.999% pure (5N) nano-alumina 
particles. The effects of synthesis conditions such as amount of additives, contact time and 
temperature on purity of alumina are discussed. 
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4.2 Results & Discussion  
4.2.1 Characterization of the wastewater 
The wastewater (W-AA) was analyzed initially by LC (for the anions) and ICP-OES 
(for the cations). Two typical test results for two water samples (W-AA1 and W-AA2) are 
given in Table 4.1.  
As sodium and potassium salts are soluble in water and do not precipitate out during 
treatments with acids or alkalis, small concentrations of sodium and potassium are not a 
major concern. It is possible to remove iron selectively from the solution by SX-1 at pH 
less than 3. Thus, wastewater of the type W-AA-2, which contained only iron, sodium and 
potassium cations, is ideal for the method used in this work. However, wastewater of 
compositions similar to W-AA-1 was acceptable. The pH value of 0.5 showed that the 
water samples were highly acidic. The analysis by LC showed that both the water samples 
contained mainly sulfate anions. 
Table 4.1 Impurity content of the wastewaters 
 
Raw 
materials 
 
pH 
 
Element content 
(%) 
Al Fe Pb Cu Si Ca Na K Mg Ni 
W-AA-1 0.5 1.6 0.0060 0.0030 0.0020 - - 0.0020 0.0010 - 0.0010 
W-AA-2 0.5 1.1 0.0003 - - - - 0.0005 0.0001 - - 
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4.2.2 Treatment of the reagents and improvement of the purity 
As discussed in the methodology section, the different reagents/additives (activated 
carbon, 13X and PX-17), to be used in purification of H2SO4 and alum solution, were 
purified and tested. Table 4.2 shows the impurity content in the reagents before the 
treatment. 
 
Table 4.2: Trace element content of additives before treatment 
Additives 
(without 
treatment) 
 
Trace elements 
(ppm) 
Al Fe Pb Cu Si Ca Na K Mg Ni 
Activated 
carbon - - - - 630 112 580 400 307 - 
Molecular 
sieve (13X) - - - - - 21 30 27 - - 
PX-17 - - - - - - 75 11 - - 
The reagents were treated with different dilutions of sulfuric acid of purity 99.9% in 
order to remove different impurities from the reagents.  The treated additives were washed 
and the impurity contents were measured. Table 4.3 shows the removal efficiency for 
different impurities from the different reagents as a function of the dilution of the sulfuric 
acid. The focus is to remove Si, Ca, Na, K and Mg due to high impurity content of reagents 
and the results in Table 4.3 shows that the best removal efficiency (except for Si) was 
achieved with 14.65% sulfuric acid. 
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Table 4.3: Comparison of removal efficiency of diluted sulfuric acid solutions  
Sulfuric 
acid mass 
fraction 
(%) 
Removal efficiency of different elements (%) 
Si Ca Na K Mg 
C# 13X* PX-17 C
# 13X PX-17 C
# 13X PX-17 C
# 13X PX-17 C
# 13X PX-17 
0.98 2.0 - - 38 8 - 24 30 36 28 35 45 41 - - 
3.87 2.2 - - 43 10 - 30 32 49 30 47 53 52 - - 
7.61 2.5 - - 50 12 - 48 49 55 58 60 66 60 - - 
11.22 3.3 - - 67 17 - 62 71 73 70 76 79 74 - - 
14.65 5 - - 82 21 - 80 83 89 78 89 91 87 - - 
*13X: molecular sieve 13X C#: Activated carbon 
Table 4.4 shows that a substantial amount of the impurities were removed from the 
reagents. It may be noted that the activated carbon and molecular sieve still contained a 
large amount of impurities even after the treatment with sulfuric acid. 
Table 4.4: The trace element content of additives after treatment 
Treated 
additives 
 
 
Trace elements 
(ppm) 
Al Fe Pb Cu Si Ca Na K Mg Ni 
Activated 
carbon - - - - 580 20 120 85 40 - 
Molecular 
sieve 13X - - - - - 12 5 3 - - 
PX-17 - - - - - - 7 2 - - 
 
4.2.3 Purification of H2SO4 
Sulfuric acid of purity 99.9% was treated with activated carbon followed by molecular 
sieve 13X. This treatment increased the purity of the sulfuric acid to 99.99%. This sulfuric 
acid was later used for the treatment of wastewater. 
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4.2.4 Preparation of high purity alum solution from the wastewater  
a) Effect of number of cycles for different reagents on the removal of impurities  
Experiments were performed using measured amount of different reagents (3 g for 
activated carbon, 3 g for PX-17, 0.006 g of SX-1 and 0.3 g of molecular sieve 13X per 300 
ml of wastewater). The temperature was set to 90°C, and the contact time was 180 min. In 
this study, the pH of the solutions of PX-17, SX-1 and molecular sieve 13X was set based 
on the manufacturer’s document with a view to remove most of the iron impurities. The pH 
values set for PX-17, SX-1, and molecular sieve 13X were 10.0, 2.8 and 3.0, respectively. 
Tables 4.5 to 4.7 show the efficiency of the impurity removal at different cycles of 
treatment of wastewater. After each cycle, the alum was crystallized and analyzed for 
impurity content. The results show that activated carbon cannot remove the different 
metallic impurities from wastewater. Molecular sieve 13X has medium efficiency, whereas 
SX-1 and PX-17 have very high efficiency of impurity removal. It may be noted that PX-17 
is costlier than SX-1. Thus, SX-1 was used to remove most of the impurities using three 
cycles. The remaining impurities were removed by one cycle of PX-17 since PX-17 can 
remove 88% of impurities in the first cycle. 
Table 4.5: Total removal efficiency of the first crystallization 
Additives 
Total 
removal 
efficiency 
(%) 
Trace element residuals in the first crystallization 
(ppm) 
Fe Pb Cu Si Ca Na K Mg Ni 
Activated 
carbon 0.0 35 20 12 50 11 10 8 10 8 
Molecular 
sieve 13X 39.0 30 15 10 12 8 10 2 - 5 
SX-1 66.7 15 14 8 1 - 8 1 - 3 
PX-17 88.0 3 5 5 - - 3 1 - 1 
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Table 4.6: Total removal efficiency of the second crystallization 
Additives 
Total 
removal 
efficiency 
(%) 
 
Trace element residuals in the second recrystallization 
(ppm) 
Fe Pb Cu Si Ca Na K Mg Ni 
Activated 
carbon 0.0 20 16 9 43 10 5 3 - 5 
Molecular 
sieve 13X 56.0 23 10 8 10 5 7 - - 3 
SX-1 92.0 2 3 2 - - 4 1 - - 
PX-17 90.6 3 4 3 - - 2 1 - 1 
 
Table 4.7: Total removal efficiency of the third crystallization 
Additives 
Total 
removal 
efficiency 
(%) 
 
Trace element residuals in the third recrystallization 
(ppm) 
Fe Pb Cu Si Ca Na K Mg Ni 
Activated 
carbon 0.0 20 13 8 30 5 2 - - - 
Molecular 
sieve 13X 64.0 20 8 6 10 3 5 - - 2 
SX-1 92.7 2 2 2 1 - 3 1 - - 
PX-17 91.0 3 4 3 - - 1 1 - 1 
 
Figure 4.1 summarizes the purity of the alum crystals after different cycles of 
treatment for different reagents. PX-17 has the best removal efficiency in the first cycle. 
SX-1 reaches a similar efficiency only after the second cycle. Finally, both PX-17 and SX-
1 have up to 91%~92% of total removal efficiency and the final purity of HPA reach as 
high as 99.9987% and ~99.9989%, respectively. 
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Figure 4.1: Comparison of the HPA purity and cycles of recrystallization by adding 
different additives (Based on the original purity of raw material as 99.85% and pH 0.5) 
b) Effect of amount of reagents on total removal efficiency  
In this study, the pH of the solutions to be purified with PX-17, SX-1 and molecular 
sieve 13X was set based on the information received from the manufacturer with an 
objective of removing most of the iron impurities. The pH values set for PX-17, SX-1, and 
molecular sieve 13X were 10, 2.8 and 3, respectively. The reaction temperature was 90°C, 
and the contact time was 180 min. For all the cases, the water samples were treated only 
once. Tables 4.8 to 4.10 show the impurity removal efficiency of different reagents. The 
amount of PX-17, which results in removal efficiency of 90 %, is around 10 g/L (3.0 g/300 
ml). SX-1 has 87% of removal efficiency when amount of approximately 0.017 g/L (0.005 
58 
 
  
g/300 ml) is used. Molecular sieve 13X reaches 59 % of removal efficiency at amount of 1 
g/L. Although PX-17 has excellent removal efficiency, it requires a large amount of 
reagents, and it is costly. Molecular sieve 13X has low removal efficiency of just 59% but 
the amount required is less than that of PX-17. Compared to others, SX-1 not only 
necessitates the utilization of a small amount reagent, but it also can reach to 87 % of 
removal efficiency. Thus, for the final treatment of the wastewater 0.005 g of SX-1 per 300 
ml wastewater was used for three cycles. Then, 3 g of PX-17 per 300 ml of wastewater was 
used for one cycle.  
Table 4.8: Relation between PX-17 amount and total removal efficiency 
 
G (additives, g) / 
V(solution, ml) 
Total removal efficiency of additives % 
PX-17 
(pH=2~2.5) 
0.5 / 300 38 
1.0 / 300 45 
1.5 / 300 60 
2.0 / 300 72 
2.5 / 300 88 
3.0 / 300 90 
Table 4.9: Relation between SX-1 amount and total removal efficiency 
 
G(additives, g) / 
V(solution, ml) 
Total removal efficiency of 
additives % 
SX-1 
(pH=2.5~3) 
0.001 / 300 30 
0.002 / 300 67 
0.003 / 300 78 
0.004 / 300 86 
0.005 / 300 87 
0.006 / 300 87 
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Table 4.10: Relation between molecular sieve 13X amount and total removal efficiency 
 
G(additives, g) / 
V(solution, ml) 
Total removal efficiency of additives % 
13X 
(pH=2.5~3) 
0.05 / 300 35 
0.10 / 300 40 
0.15 / 300 51 
0.20 / 300 58 
0.25 / 300 58 
0.30 / 300 59 
c) Effect of contact time on total removal efficiency 
In this study the pH of the solutions to be purified with PX-17, SX-1 and molecular 
sieve 13X was set based on the information received from the manufacturer with an 
objective of removing most of the iron impurities. The pH values set for PX-17, SX-1, and 
molecular sieve 13X were 10.0, 2.8, and 3.0, respectively. The reaction temperature was 
90°C, and the contact time was varied. For all the cases, the water samples were treated 
only once. Figure 4.2 presents the contact time as a function of total removal efficiency for 
three different reagents. The results show that PX-17 and molecular sieve 13X take more 
time to reach equilibrium than SX-1. The composition of PX-17 has porous structure 
combined with chelating cation exchange resin. Thus, first chelating reaction takes place 
between PX-17 and the cations in the solution. Then, its internal pores and channels 
strongly adsorp the cations to remove the metal impurities from the solution. 13X 
molecular sieve has a porous structure made of aluminum silicate and 13X zeolite, which is 
the major component. It has large amount of internal open pores and channels. 13X 
molecular sieve and PX-17 have a large specific surface area. The surface area controls the 
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time to reach equilibrium in the solution. SX-1 is a highly efficient agent. It rapidly reacts 
with the cations in different pH ranges. Removal does not depend on physical adsorption. 
Since the reaction is fast, SX-1 has shorter removal time compared to those for the 13X 
molecular sieve and PX-17. Based on this study, the contact times for SX-1 and PX-17 
were set to 50 min and 150 min, respectively, for each cycle.   
 
Figure 4.2: Total removal efficiency as a function of reaction time 
d) Effect of reaction temperature on total removal efficiency 
In this study the pH values set for the solutions purified with PX-17, SX-1, and 
molecular sieve 13X were 10, 2.8 and 3, respectively. The reaction temperature was varied, 
and the contact time was set to 50 min. For all the cases, the water samples were treated 
only once. Figure 4.3 shows the efficiency of impurity removal as a function of reaction 
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temperature. The figure indicates that the total removal efficiency increases with increasing 
reaction temperature for PX-17 and molecular sieve 13X. SX-1 shows that it reaches 
equilibrium at around 40°C. Above this temperature, there is much less influence of 
temperature on the removal of impurities. On the contrary, total removal efficiency of PX-
17 and molecular sieve 13X rapidly increases with increasing temperature because 
adsorption process of both PX-17 and molecular sieve 13X is endothermic. Temperature 
increase is conducive to the adsorption, thus, adsorption capacity increased with increase in 
temperature. Based on the results, for the production of pure alum from wastewater, the 
reaction temperature for SX-1 was set to the 30°C, and that for PX-17 was set to 90°C.  
 
Figure 4.3: Total removal efficiency as a function of temperature 
Based on the results discussed in the sections 4.3.1 to 4.3.4, the wastewater was first 
treated with SX-1 (0.005 g/300 ml wastewater, pH 2.8) at 30°C for 3 cycles (150 min per 
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cycle). Then, the purified water was treated with PX-17 (3.0 g/300 ml wastewater, pH 10) 
at 90°C for 1 cycle (50 min). It was possible to extract 99.999% pure alum from the waste-
water using this method. Two patent applications were filed for the method of extracting 
ultrapure alumina. The copies of the applications are given in Appendix III.  
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Chapter 5 
Production of 5N (99.999% pure) spherical alumina nanoparticles by 
single templating 
5.1 Introduction 
5N (99.999% pure) spherical alumina nanoparticles were prepared using 5N Alum as 
the aluminum source, urea ((NH2)2CO) as the precipitant/cross-linker, and gum arabic (GA) 
as the template followed by heating at 600ºC. The structure and morphology of the alumina 
nanoparticles were characterized using X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and BET equipment. Gum arabic powder is a natural, non-toxic, water-
soluble polymer. The steric effect of its long chain structure effectively prevents particles 
from aggregating, so it is often used in the preparation of silver. The gum arabic/urea 
weight ratio was adjusted to obtain spherical alumina nanoscale particles.  Also the effect 
of synthesis temperature, time, and template amount on product morphology was studied. 
The detailed methodology and the results are presented in this chapter. 
5.2 Production of 5N (99.999% pure) spherical alumina nanoparticles by single 
templating 
Spherical alumina nanoparticles were synthesized with boehmite (AlO(OH)) as the 
precursor, gum arabic (GA) as the template, and urea as the precipitant/cross-linker. The 
boehmite solution was prepared from the 99.999% alum solution (Figure 3.1). The effect of 
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different reaction temperatures, reaction times, and GA/urea ratios were investigated in 
order to understand their effect on the properties of the alumina nanoparticles. Table 5.1 
shows the different process parameters. 
Table 5.1: Process parameters for alumina prepared under different conditions 
Sample 
Number 
Weight Ratio 
(GA/Urea) 
Temperature 
(°C) Time (h) 
A 1.250 120 3 
B 1.250 140 3 
C 1.250 160 3 
D 1.250 180 3 
E 1.250 140 9 
F 1.250 140 15 
G 0.000 140 3 
H 0.625 140 3 
I 1.250 140 3 
J 2.500 140 3 
 
The synthesis process was as follows. Firstly, alum was dissolved in the ultrapure 
water (resistivity = 18 MΩ*cm) to prepare 0.4 mol/L of alum solution. The GA was 
dissolved in isopropanol; urea was added and the GA/urea weight ratio was maintained at 
the desired value. The GA/urea mixture was then stirred and dissolved in a solution. The 
prepared additive solution was added to the alum solution, and stirred in the autoclave for 
different times at different temperatures (Table 5.1). The solution was then rapidly cooled 
to room temperature in a cooling bath. The precursor was cleaned with ultrapure water 
three to five times and dried for 3-12 h at 110°C. After drying, the white spherical alumina 
nanoparticles were obtained. 
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5.3 Results 
5.3.1 The Effect of Synthesis Conditions on Spherical Alumina 
Morphology 
Boehmite samples A-F (Table 5.1) obtained by different contact times and 
temperatures were analyzed by XRD.  The XRD patterns under different synthesis times 
and temperatures (Figure 5.1) indicate that when the synthesis temperature was 120°C and 
140°C, and the synthesis time was 3 h, the prepared precursors were mainly amorphous 
products A and B. When the synthesis temperature was increased to 160°C and 180°C, 
precursors C and D began to crystallize and produced AlO(OH). Based on these results, it 
can be concluded that the system does not have enough energy to crystallize and promote 
migration when the solution temperature is low and the contact time is short (3 h or less), in 
which case the samples tend to become amorphous. However, when the solution 
temperature was increased, different diffraction peaks emerged, and their intensity and 
width increased with increasing temperature indicating that the crystallinity of the particles 
had increased. The reaction system also had enough energy to crystallize when the 
precursors E and F were synthesized at 140°C for a longer period of time, between 9 and 15 
h. Compared with precursors C and D, which were obtained at higher temperature, the 
intensity and width of the diffraction peaks of precursors E and F, which were obtained 
using longer reaction times, were smaller. This indicates that the crystallinity of the 
particles was weaker if the reaction time was long at lower temperature compared to the 
case where reaction temperature was higher but reaction time was shorter. The morphology 
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and crystal structure of the products were mainly controlled by regulating the average 
crystal growth rate.   
 
 
 
 
 
 
 
Figure 5.1: XRD patterns for the precursor under different synthesis conditions  
(A) Amorphous-120°C-3 h; (B) Amorphous (140°C-3 h); (C)AlO(OH) (160°C-3 h); (D) 
AlO(OH) (180°C-3 h); (E) AlO(OH) (140°C-9 h); (F) AlO(OH) (140°C-15 h). 
Figure 5.2 shows the XRD pattern for the spherical alumina after calcination at 600°C. 
Samples A and B were both transformed into γ-Al2O3 by amorphous precursors. Samples C, 
D, E, and F were all crystalline γ-Al2O3 (Joint Committee on Powder Diffraction Standards 
(JCPDS) No. 10-0425). The diffraction peak position of the crystalline γ-Al2O3 did not 
change with change in temperature or time, but the intensity and width of the diffraction 
peak were larger. This means that the amorphous precursor prepared under a lower 
synthesis temperature required more energy to promote grain crystallization and 
transformation into γ-Al2O3. 
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Figure 5.2: XRD patterns for spherical alumina under different synthesis conditions at 
600°C (A) Al2O3 (120°C-3 h); (B) Al2O3 (140°C-3 h); (C) Al2O3 (160°C-3 h); (D) Al2O3 
(180°C-3 h); (E) Al2O3 (140°C-9 h); (F) Al2O3 (140°C-15 h). 
Figure 5.3 shows the SEM images of spherical alumina samples at different synthesis 
times and temperatures. The image demonstrates that temperature has a great influence on 
the shape of the sample, and the temperature of 140°C facilitates the formation of spherical 
particles. When the temperature was 120°C, the produced sample particles were mainly 
lamellar, spherical, and massive (Figure 5.3 (a)); when the temperature reached 140°C, the 
shape of the sample particles was regular and spherical with a smooth surface, and the 
particle size was between 100–300 nm (Figure 5.3 (b)). As the temperature continued to 
increase, many particles crystallized and became fixed crystals. They can be completely 
transformed into γ-Al2O3 by calcining at 600°C, but the amorphous precursors need more 
energy to promote the phase transformation, and the crystallization and transformation 
process was relatively slower to form γ-Al2O3 at this temperature. This mechanism was 
conducive to the formation of spherical alumina (Figures 5.1, 5.2, and 5.3).  
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Figure 5.3 SEM images of spherical alumina samples (heated at 600ºC) under different 
synthesis conditions  
(a) Al2O3 (120°C-3 h); (b) Al2O3 (140°C-3 h); (c) Al2O3 (160°C-3 h); (d) Al2O3 (180°C-3 
h); (e) Al2O3 (140°C-9 h); (f) Al2O3 (140°C-15 h). 
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In addition, carbonization tended to occur when the gum arabic powder synthesized 
under high temperatures and lost some of its template effect, which was not conducive to 
the development and formation of spherical particles. The samples therefore became 
irregular floccus aggregating together (Figures 5.3 (c), 5.3 (d)). A long synthesis time was 
also not conducive to the development of spherical alumina particles (Figures 5.3 (e) and 
5.3 (f)) and tended to develop flocculent, strip, and irregular particles, which affected the 
normal development and growth of spherical particles. 
5.3.2 The Effect of Gum Arabic (GA)/Urea Weight Ratio on Spherical 
Alumina Morphology  
In the synthesis process, the template quality has a great influence on the morphology 
of the samples.  
Table 5.2 Morphology of alumina (calcined at 600ºC) with different GA/urea weight ratios 
Table 5.2 shows the test results for different weight ratios of GA/urea used in the 
preparation of spherical alumina. Table 5.2 and Figure 5.4 show that when the GA/urea 
Sample 
Number 
Weight Ratio 
（GA/Urea） 
Intermediate 
Al2O3 particle 
size (nm) 
Intermediate 
Al2O3 Shape 
Density of 
Crystal Growth 
Raw Material 
Al2O3 (g/cm3) 
Figure 
G 0 1500~2000 Strip, irregular rectangle 3.52 5.4 (a) 
H 0.625 500~1000 Strip, partially spherical 3.66 5.4 (b) 
I 1.250 50~300 Spherical 3.85 5.4 (c) 
J 2.500 ＞500 Irregular massive, partially spherical 3.81 5.4 (d) 
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weight ratio was zero, the intermediate Al2O3 particles were strips and irregular rectangles 
with random distribution and accumulation after calcination at 600ºC.  
 
 
Figure 5.4: The SEM images of intermediate Al2O3 (calcined at 600ºC) prepared according 
to different GA/urea weight ratios (a) Al2O3-0; (b) Al2O3-0.625; (c) Al2O3-1.25;  
(d) Al2O3-2.5. 
The particle sizes were between 1000 and 2000 nm. The density of Al2O3 raw material 
was 3.52 g/cm3 after calcination at 600ºC. When the GA/urea weight ratio was gradually 
increased, the shape of the intermediate Al2O3 particles became spherical, the particle size 
decreased, and the density gradually increased. Finally, when the GA/urea weight ratio was 
1.25, the intermediate Al2O3 particles became regularly spherical, the particle size was 
1 μm 1 μm 
50 nm 200 nm 
a b 
c d 
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within the range of 50 nm to 300 nm, and the density increased to 3.85 g/cm3. However, if 
the weight ratio continued to increase, the excess GA increased the viscosity in the 
synthesis, resulting in a weakened template steric effect and a reduced homogeneous 
nucleation. In this case, the particles were not conducive to dispersal. The experimental 
results showed that the intermediate particle size and shape have a direct impact on the 
density of Al2O3 raw material. This indicates that high temperature calcination and 
spherical intermediate Al2O3 with particle sizes of 50 nm to 300 nm can significantly 
increase the density of Al2O3 raw material. 
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Chapter 6 
Production of 5N (99.999% pure) spherical mesoporous alumina 
nanoparticles by double templating  
6.1 Introduction 
This chapter describes the preparation and characterization of nanoscale – spherical 
mesoporous alumina, using 5N alum as aluminum source, urea ((NH2)2CO) as 
precipitant/cross-linker, gum arabic (GA) and PEO-PPO-PEO (Pluronic P123) as mixed 
templates followed by heating at 600ºC. The structure and morphology of the products 
were characterized by XRD, SEM, TEM and NH3-TPD (temperature programmed 
desorption). The effects of reaction temperature, time and the addition of mixed template 
on the phase structure, micromorphology, optical absorption, and other properties of the 
samples were studied. The experimental results show that the low temperature and short 
reaction time facilitate to the formation of nanoscale - spherical mesoporous alumina. 
Gum arabic powder is a natural non-toxic water-soluble polymer. Because the steric 
hindrance effect of its long chain structure can effectively prevent particle aggregation, it is 
often used in the preparation of metallic silver. P123 is a nonionic block copolymer, often 
used as a crystal structure modifier in the preparation of mesoporous materials. During this 
study, nanoscale-spherical mesoporous alumina has been successfully prepared. The 
evaporation induced self-assembly (EISA) approach was used and double template ratio 
was adjusted between 0 and 4. The effect of synthesis temperature, time and the addition of 
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mixed template on the structure and morphology of the product were investigated. The 
detailed methodology and the results are presented in this chapter. 
6.2 Production of 5N (99.999% pure) spherical mesoporous alumina 
nanoparticles by double templating: 
Spherical mesoporous alumina materials were synthesized using alum/boemite 
(AlO(OH)) as precursor, gum arabic (GA) and P123 as double template, and urea as 
precipitant/cross-linker by the evaporation induced self-assembly (EISA) approach. 
Different reaction temperatures (120°C, 140°C, 160°C, and 180°C), reaction times (3h, 9h, 
and 15h) were tested. The GA/P123 weight ratios were maintained in the range of 0-4, and 
the GA/urea weight ratio was set to 1.25.  
Table 6.1 shows the different process parameters. The effect of reaction temperature 
and time on the morphology of the alumina particles were studied using samples I to VI. 
The effect of GA/P123 ratio on the nature of the alumina particles were studied with 
samples VII to XI. 
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Table 6.1 Process parameters for alumina preparation under different conditions 
Sample Number Weight Ratio 
(GA/Urea) 
Weight Ratio 
GA/P123 
Temperature (°C) Time  
(h) 
I 1.25 0.625 120 3 
II 1.25 0.625 140 3 
III 1.25 0.625 160 3 
IV 1.25 0.625 180 3 
V 1.25 0.625 140 9 
VI 1.25 0.625 140 15 
VII 1.25 0.000 140 3 
VIII 1.25 1.000 140 3 
IX 1.25 2.000 140 3 
X 1.25 3.000 140 3 
XI 1.25 4.000 140 3 
Alum/boehmite was dissolved in ultrapure water (resistivity=18MΩcm) to prepare a 
solution. Measured quantities of GA and P123 were dissolved in isopropanol, then urea was 
added, and stirred. Afterwards, the alum solution was added, and this solution was kept in 
an autoclave at a desired temperature for a certain time. After the reaction, the solution was 
rapidly cooled to room temperature, then washed with ultrapure water and ethanol 3-5 
times, and dried under vacuum at 80°C. The alumina particles were calcined at 600°C for 2 
h to obtain the white spherical mesoporous alumina powder. 
X-ray diffraction (PANalytical X’Pert PRO) and scanning electron microscope 
(KYKY-2800B) were used to study the crystallinity and morphology of prepared powders. 
Transmission electron microscopy (TEM) measurements were carried out on Tecnai G2 
F20 operated at 200 kV. All samples were first dispersed in ethanol and then collected by 
using copper grid covered with carbon films for measurements. Nitrogen sorption 
isotherms were measured at 77 K with Micromeritics Tristars 3000 analyzer. Before 
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measurements, the samples were degassed in a vacuum at 180°C for at least 6 h. The 
Brumauer-Emmett-Teller (BET) method was utilized to calculate the specific surface areas 
(SBET) using adsorption data in a relative pressure range of 0.04 to 0.2. The pore volume 
and pore size distributions were derived from the adsorption branches of isotherms by using 
the Barrett-Joyner-Halenda (BJH) model. 
6.3 Results  
6.3.1 The effect of synthesis temperature and time on the morphology of 
spherical mesoporous alumina 
The precursor of different synthesis temperature and synthesis time, and XRD pattern 
(Figure 6.1) showed that the precursor prepared under synthesis temperature of 120°C and 
140°C were mainly amorphous products I and II when the reaction time was 3 h. When the 
temperature increased to 160°C and 180°C and reaction time was kept at 3h, precursor III 
and IV began to crystallize and became AlO(OH). The results indicate that the synthesis 
temperature has significant effect on the crystallization of precursor, as under a lower 
solution temperature, the system energy is too low to promote the formation and 
transformation of crystals. Therefore, the samples tend to become amorphous. As the 
solution temperature increased, diffraction peaks were produced, and the intensity and the 
width of diffraction peaks became larger, which indicates the crystallinity of the particles 
becomes stronger. At the temperature 140°C, with synthesis time greater than 3 h, 
(precursor V and VI) crystallization starts. At these reaction times, when the synthesis 
temperature increases, the average crystalline length increases (III and IV). Reaction at 
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lower temperature reduced the size of the crystals. By controlling the synthesis temperature 
and time, it was possible to control the morphology and crystal structure of products. 
 
 
 
 
 
 
 
Figure 6.1: Precursor XRD patterns under different synthesis conditions 
(I) Amorphous (120°C-3 h), (II) Amorphous (140°C-3 h), (III) AlO(OH) (160°C-3 h), (IV) 
AlO(OH) (180°C-3 h), (V) AlO(OH) (140°C-9 h),  (VI) AlO(OH) (140°C-15 h). 
Figure 6.2 shows the mesoporous alumina XRD pattern after calcination at 600°C. 
Sample I and II are both amorphous alumina. The amorphous precursor I and II prepared at 
a lower synthesis temperature transform into γ-Al2O3 under calcination at 600ºC, sample III, 
IV, V and VI are γ-Al2O3. With the increase of solution temperature, the position of each 
diffraction peak does not change, but the intensity and width of the diffraction peak become 
larger, which means that the crystallinity of particle becomes stronger gradually. 
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Figure 6.2: Mesoporous Alumina XRD patterns under different synthesis conditions after 
calcination at 600°C (I) Al2O3(120°C-3 h), (II) Al2O3 (140°C-3 h), (III) Al2O3 (160°C-3 h), 
(IV) Al2O3 (180°C-3 h), (V) Al2O3 (140°C-9 h), (VI) Al2O3 (140°C-15 h). 
Figure 6.3 shows the SEM images of mesoporous alumina samples (calcined at 600ºC) 
prepared under different synthesis conditions. It can be seen from the figure that the 
synthesis temperature has a great effect on the shape of the sample, and spherical particle 
formed at 140ºC. When the temperature was 120ºC, the sample particles were spherical and 
massive (Figure 6.3 (a)); when the temperature reached 140ºC, the sample particles were 
regular spherical with smooth surface, and the particle size was between 50 nm and 200 nm 
(Figure 6.3 (b)). With the increase of synthesis temperature, a lot of particles began to 
crystallize and formed crystalline solids. They completely transformed into γ-Al2O3 when 
they are calcined at 600ºC, but the amorphous precursor required more energy to promote a 
phase transformation at 600ºC, thus, crystallization was relatively slow. Besides, when the 
synthesis temperature was high, gum arabic powder carbonized partly, a section of the 
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template was lost. This was not favorable for the development and shaping of spherical 
particles. 
  
  
  
Figure 6.3: SEM images of mesoporous alumina samples (calcined at 600ºC) prepared 
under different synthesis conditions (a) Al2O3 (120°C-3 h), (b) Al2O3 (140°C-3 h), (c) 
Al2O3 (160°C-3 h), (d) Al2O3 (180°C-3 h), (e) Al2O3 (140°C-9 h), (f) Al2O3 (140°C-15 h). 
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In this case, the sample transformed into irregular and flocculent particles, gathering 
together (Figure 6.3 (c)-(d)). Longer synthesis time is also not conducive to the 
development of spherical alumina particles (Figure 6.3 (e)-(f)), because it is easy to develop 
flocculent, strip and irregular particles, affecting the normal development and growth of 
spherical particles. The results showed that 140°C reaction temperature and 3 h contact 
time was suitable to produce spherical mesoporous nano-alumina particles. 
6.3.2 The Effect of GA/P123 Weight Ratio on of Spherical Morphology   
During the synthesis, the amount of the additive has a very important influence on the 
morphology and structure of the sample. Table 6.1 shows the test results of spherical 
mesoporous alumina prepared by different GA/P123 weight ratio (samples VII-XI). Figure 
6.4 shows the pore size distribution and the SEM images for the different alumina samples 
(VII - XI). 
Table 6.1: Textural properties of mesoporous alumina with different GA/P123 weight ratio 
Sample 
number 
Weight ratio
（GA/P123） 
Pore size 
(nm) 
Pore volume 
(cm3/g) 
BET surface area 
(m2/g) 
VII 0 7.0 0.04 99 
VIII 1 7.6 0.17 143 
IX 2 7.6 0.30 159 
X 3 8.6 0.30 184 
XI 4 5.1 0.23 138 
The GA/urea was maintained at 1.25 based on the study on the single template. The 
results showed that the average pore size, pore volume as well as BET surface area were 
the maximum for GA/P123 ratio of 3 (sample X). The major criteria for the mesoporous 
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alumina are high pore size, pore volume and surface area. Thus, it was possible to produce 
good quality mesoporous alumina with GA/P123 ratio of 3. 
When GA/P123 weight ratio is 0, the samples were strips and heaped up irregularly 
and had an extremely small number of mesoporous structure. In addition, the major pore 
types were of inkbottle type with large opening and small diameter, and uneven crack-like 
pores. The average pore size was around 7 nm. 
As the weight ratio gradually increased (1 to 3), average pore size increased from 7.6 
to 8.6 nm and pore volume increased from 0.17 to 0.3 cm3/g. When the weight ratio 
reached 3, the sample formed regular, uniform and monodisperse microspheres. The pore 
structure is mainly regular cylindrical with uniform size and shape, and pore sizes are 
mostly distributed between 7 nm and 9 nm. The average pore size increased to 8.6 nm and 
pore volume increased to 0.3 cm3/g and BET surface area increased to 184 m2 /g. 
As the weight ratio increased to 4, the spherical particles started agglomerating. The 
average pore size decreased to 5.1 nm, the pore volume decreased to 0.23 cm3/g, and the 
BET surface area dropped to 138 m2/g. The main reason is that with the increase of the 
weight ratio, the viscosity of the solution also increased. When the viscosity is too high, it 
will weaken the homogeneous nucleation leading to agglomeration at different sites. Based 
on the results, the GA/P123 ratio was used as 3 to produce spherical mesoporous alumina 
nanoparticles. 
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Figure 6.4: Pore size distributions and corresponding SEM images of the alumina particles 
(samples VII-XI) with different GA/P123 weight ratios 
Based on the results, it was found that temperature of 140°C, contact time of 3h, 
GA/P123 ratio of 3 and GA/urea ratio of 1.25 were suitable to produce spherical 
mesoporous alumina nanoparticles by the double template method. The alumina particles 
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obtained by the double template method was calcined at 600°C for 2 h to remove the 
template and produce the spherical mesoporous alumina nanoparticles. 
6.3.3 Spherical Mesoporous Alumina 
Adapting the double template method, with GA/P123 weight ratio being 3, the 
spherical mesoporous alumina was successfully prepared with identical morphology, good 
dispersion and uniform pore size. In the synthesis of the precursor, the amorphous 
precursor can be prepared under a lower temperature of 140ºC and shorter contact time of 3 
h. When this kind of precursor calcines at 600°C, it is easier for inorganic Al3+ to slowly 
interact with and then connect to interface of organic micelles through electrostatic 
interactions. It covers the whole surface of the aluminum ions, so the growth rate of the 
various surfaces become consistent, and homogeneous nucleation forms spherical particles. 
At the same time, uniform mesoporous layer forms at the particle surface completely 
transferring it into spherical mesoporous Al2O3, as shown in Figure 6.5. 
 
 
 
 
 
 
Figure 6.5: TEM images of the spherical mesoporous alumina materials 
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Figure 6.5 shows the TEM images of spherical mesoporous alumina particles. It can 
be seen in this figure that the alumina particles have regular spherical form and good 
dispersion. There is a 10 nm mesoporous layer on alumina particle surface. The mesopore 
size is identical, uniform covering the surface of the alumina particles. 
 
Figure 6.6: Nitrogen sorption isotherms and corresponding pore size distribution of the 
spherical mesoporous alumina materials 
The results of nitrogen sorption isotherms and corresponding pore size distributions of 
the spherical mesoporous alumina materials (GA/P123=3) are shown in Figure 6.6.  The 
nitrogen sorption isotherms are typical type IV curves and have H1 hysteresis loop. This is 
a signature for mesoporous materials and the reason for this hysteresis is the capillary 
condensation. Nitrogen molecules are adsorbed on the surface of the particles because of 
the force exerted on them by the walls of the pores. In mesoporous materials, nitrogen 
molecules are adsorbed layer by layer. They fill the higher energy sites near pore walls and 
then low energy sites away from walls. When molecules accumulate on two opposing walls, 
they get close enough to each other and collapse into a thermodynamically lower energy 
state. This process is called capillary condensation. When the pressure is reduced during 
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desorption, the molecules at low energy do not try to leave their place, so they need 
higher gradient of chemical potential (or pressure drop) to pull the adsorbed molecules out 
of their sites. Hence, the same molecules desorb at lower pressure. This gap between 
equilibrium adsorption and desorption pressures is the cause of hysteresis, and indicates 
that the alumina particles are mesoporous. The size, shape and thickness are uniform, pore 
diameter is mainly in the range of 9-11 nm; average pore size has increased 10 nm, and  
pore volume has increased  to 0.5 cm3/g; BET surface has larger area of 257 m2/g. 
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Chapter 7 
Advanced applications of the 5N alumina nanoparticles in different fields 
7.1 Introduction 
Currently the most commonly used LED substrate material, sapphire crystal has 
developed rapidly in recent years because of its excellent optical, chemical, and other 
properties. In the global market of LED substrate, two-inch sapphire wafers are widely used. 
The heat exchange method is a crystal growth technique used for large sapphires. In 1970, 
Schmid and Viechnicki [21] first grew sapphire crystals using the heat exchange method. 
The heat exchanger is used to remove heat, causing a longitudinal temperature gradient 
since the temperature is cold at the bottom and warm at the top of the crystal growth area. 
The temperature gradient is controlled by regulating the rate of gas flow in the heat 
exchanger (helium gas used as cooling source), as well as the heating power level. In this 
manner, the pressed alumina bulks are melted in the crucible at around 1800oC and the 
sapphire crystal is slowly solidified by helium gas, which removes the heat from the crystal. 
The heat exchange method requires high-quality raw materials in order to form a stable 
temperature field during the crystal growth process. The segregation coefficient of the 
impurities in the melted crystal is controlled to be less than 1. Impurities will therefore be 
continuously discharged into the melted crystal from the solid-liquid interface and 
distributed to the outer layer of the surface where the crystals come into contact with the 
crucible wall. 
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Preparation of Al2O3 sapphire crystals using spherical as well as other morphologies of 
nano-Al2O3 particles with high level of purity (5N) are presented in this chapter. Ten 
sapphire crystals were produced for the each intermediate Al2O3 with a particular 
morphology. The average length of crystal rods produced was calculated using the total 
length of crystal rods obtained from each crystal. This is used to determine the influence of 
different intermediate Al2O3 morphologies on sapphire growth carried out with the heat 
exchange method. 
7.2 Preparation of alumina particles as a precursor for sapphire crystal growth 
The spherical alumina nanoparticles, obtained by the single template method for 
different reaction temperatures and contact time, were calcined to 1800ºC. As Figure 7.1 
shows, after calcination at 1800ºC, the diffraction peak was sharp and regular. This 
indicates that the α-alumina had a single crystal phase, crystal growth was highly ordered, 
and crystallinity was good. All the samples were transformed into α-phase alumina. The α-
alumina (of different morphologies, see Figure 5.3), obtained after calcination at 1800ºC, 
was used as the raw material in the sapphire growth process using the heat exchange 
method. The performance and yield of the sapphire will be presented in Section of 7.3. 
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Figure 7.1: XRD patterns of alumina used as sapphire crystal raw material under different 
synthesis conditions after calcination at 1800°C (A) Al2O3-120°C-3 h, (B) Al2O3-140°C-3 h, 
(C) Al2O3-160°C-3 h, (D) Al2O3-180°C-3 h, (E) Al2O3-140°C-9 h, (F) Al2O3-140°C-15 h. 
7.3 Application of Spherical Alumina on Sapphire Growth Using the Heat Exchange 
Method 
As described earlier, Al2O3 raw material was produced using nano-alumina powder 
(by single template method using different reaction temperatures and contact time followed 
by heating at 600ºC). The Al2O3 particles had the same purity but different morphologies 
(samples A-F) after calcination at 1800°C (Figure 7.2). The calcined alumina (at 1800ºC) 
was used as the raw material for sapphire growth using the heat exchange method. A single 
crystal often consists of a distribution of regions which are highly oriented.  The 
polycrystalline material consists of single crystals described above but of very small sizes 
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of the order of micrometers but randomly distributed when there is no preferred orientation. 
The scattering of X-rays by atoms is the point to be considered in that case. When there is 
periodic arrangement of atoms the X-rays (single crystals) will be scattered only in certain 
directions when they hit the formed lattice planes (formed by atoms). This will cause high 
intensity peaks (the width of the peaks is small for single crystals but also depends on other 
variables).  For polycrystalline materials X-rays will be scattered in many directions 
leading to a large bump distributed in a wide range (2Ɵ) instead of high intensity narrower 
peaks. 
Figure 7.2 shows the effect of intermediate Al2O3 with different shapes on the total 
length of sapphire crystal rods. The results indicated that the length of crystal rods 
produced by rod-like, rod-like and partially spherical, or partially massive and partially 
spherical intermediates was relatively short. The average length was about 3200 nm to 
3800 mm. As it can be seen from this figure, there was a large standard deviation in the 
length of crystal rods, which means that the length of crystal rods varies significantly. 
However, the length of the crystal rods produced using the spherical intermediate was 
relatively stable at around 4000 mm. From the experimental results, it was found that for 
the same purity, the morphology of the raw materials had a significant influence on the 
total length and the length stability of sapphire crystal rods produced using the heat 
exchange method. The sapphire crystal rods and wafers were tested to evaluate their quality 
(refractive index, crystal defect, and impurity content). 
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Figure 7.2: Relationship between the intermediate Al2O3 with different shapes and the total 
length of sapphire crystal rods 
 
                    (a)                                            (b)                                      (c) 
Figure 7.3: (a) Sapphire crystal (115 kg，diameter=380 mm, height=245 mm), 
 (b) Sapphire crystal rods (Φ34), (c) Sapphire wafers (2 inches). 
Figure 7.3 shows the sapphire crystals, sapphire crystal rods, and wafers produced 
during the experiment. 
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As it can be seen from Figure 7.4, the XRD test results show that the c-plane (0001) 
sapphire crystal wafer had a steep diffraction peak value when the 2ɵ angle was 41.6623°, 
indicating that the crystal rod had a complete sapphire crystal structure. 
30 35 40 45 50
  
 
 
  
Figure 7.4: XRD pattern of sapphire c-plane (0001) crystal rods  
Figure 7.5 shows the transmission spectrum for sapphire c-plane (0001) wafers. The 
transmittance of wafer through 300-400 nm, the ultraviolet range, was more than 80%; 
transmittance through 500-1000 nm was over 85%. These results indicate that by using the 
spherical alumina nanoparticles prepared using the gum arabic (GA) template as the raw 
material for sapphire growth and using the heat exchange method, sapphire crystal products 
of high quality and stable rod length can be produced. Similar peaks were observed by 
other researchers [127, 128]. 
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Figure 7.5: Sapphire c-plane (0001) wafer transmission spectrum  
7.4 Photoacoustic (PA) tomography 
Photoacoustic imaging as a novel non-invasive imaging technique provides 
convenience for studying real-time semi-quantitative pharmacokinetic and 
biodistribution profiles of drugs or probes to determine whether they can reach the target 
areas and their metabolic pathways. Nano-gold particles absorb light energy and convert 
it to acoustic energy. Thus, chitosan-capped star (AuNS) and rod shaped (AuNR) gold 
nanoparticles and multispectral optoacoustic tomography (MSOT) (Figure 7.6) were 
used to visualize the AuNS in the blood vessels, liver, spleen and kidneys of a mouse in 
real time. The successful application of the gold nanoparticles in PA tomography was 
published (Appendix III). The efficiency of the gold nanoparticles can be enhanced by 
embedding the gold nanoparticles in a mesoporous alumina matrix. Thus, further studies 
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were done on the production of gold doped mesoporous alumina. Future studies are 
required on the application of those doped mesoporous alumina in PA tomography.  
 
Figure 7.6: Schematic illustration of pharmacokinetic and biodistribution analysis of 
chitosan-capped gold nanoparticles by MSOT  
 
Figure 7.7: TEM and SEM images of AuNS and AuNR particles 
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Figure 7.7 shows the TEM and SEM images of AuNS and AuNR particles. A 
preliminary study was performed using gold nanoparticles. The results of the study were 
published (see Appendix II). The synthesis of the gold nanoparticles has been described in 
Appendix III. The same method was followed to prepared gold doped mesoporous alumina 
particles. In this method the reaction was performed in the mesoporous matrix of the 
alumina particles.  Figure 7.8 shows the TEM pictures of modified alumina nanoparticles 
doped with gold nanoparticles. These particles can be used for PA tomography. The matrix 
in the picture shows the mesoporous alumina particles. The black structures represent star 
shaped gold nanoparticles.  
 
                                     
 
 
 
 
Figure 7.8: TEM micrograph of modified alumina nanoparticles doped with gold 
nanoparticles 
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Chapter 8 
Conclusions and Recommendations 
8.1 Conclusions 
High purity alumina (HPA) is becoming an important inorganic raw material which 
finds applications in different fields. In this work, ultra-pure spherical and mesoporous 
spherical nano-sized alumina particles have been produced from wastewater. The method is 
“green and environment-friendly” as aluminum (in the form of alumina) from wastewater is 
recovered.  
The efficiency of chelating reagents such as PX-17, SX-1, and 13X molecular sieve 
for removing impurities from wastewater under different pH have been studied. Based on 
the efficiency of the different reagents, an alum solution of 99.999% purity was produced 
from wastewater using PX-17 and SX-1. This alum solution was converted to boehmite 
solution using ammonia solution. In this study, the focus was not only on removing the 
impurities from wastewater, but also on producing high-purity alumina powder with 
desired particle size and uniform the particle size distribution.  
The boehmite solution was used to produce 99.999% pure spherical nano-alumina 
particles by the single template method. Spherical nano-scale alumina particles of 50 nm to 
300 nm size with good dispersion and uniform morphology were obtained with a 1.25 gum 
arabic/urea weight ratio. It was noted that the precursor prepared at a lower temperature of 
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140oC for a shorter period of time (3 h), compared to other temperatures and times used, in 
the synthesis had a better morphology for forming spherical particles. When this type of 
precursor calcined at 600oC, the inorganic Al3+ was more likely to interact and connect with 
the organic micelle interface through electrostatic interactions, covering the entire surface 
of aluminum ions so that all surfaces had the same growth speed. Homogeneous nucleation 
occurred and spherical particles were prepared. These alumina particles were converted to 
α-alumina particles and used to produce sapphire crystals. The experimental results also 
showed that the different morphologies of the raw materials had a major influence on the 
yield and quality of sapphire crystal rods. Spherical alumina nanoparticles prepared using 
this method could produce sapphire crystal rods with a total length between 4000 mm and 
4500 mm and a high transmittance rate of 85%. The method developed and the results 
obtained have led to the development of a new template method for controlling the 
morphology of sapphire crystal materials, and more importantly, they have opened a new 
avenue for research on raw materials for use in growing sapphire crystals. 
Using gum arabic and P123 as double template, nano-scale spherical mesoporous 
alumina has been successfully synthesized using the alum/boehmite solution. The 
mesoporous alumina produced has good thermal stability (treated under 700ºC), a high 
specific surface area of 257 m2/g, a large pore size of 10 nm, and a pore volume of 0.5 
cm3/g. In the synthesis, temperature, time, and weight ratio of additives have a significant 
influence on the morphology of the samples. It was noted that using the lower synthesis 
temperature of 140ºC, the short reaction time of 3 h, and the template weight ratio of 3 
facilitates the formation of monodisperse particles with spherical shape (150 nm - 400 nm) 
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and uniform mesoporous structure. The results of this method and the research not only 
contributed to the development of mesoporous alumina, but also provided a new double 
templating method for a better control of pore size and structure. These mesoporous nano-
alumina particles were doped with gold nanoparticles to produce particles that can be used 
as the target material for photoacoustic tomography. The study on the use of gold 
nanoparticles as the target material for photoacoustic tomography has already been 
published (Appendix II). 
8.2 Recommendations 
The work should be continued on the advanced applications of different morphologies 
of alumina nanoparticles in order to further develop alumina-based high value-added 
products.  
The spherical mesoporous alumina prepared through double template method presents 
new possibilities for application in the field of macromolecular transport, catalysis, 
adsorption, and so on, which enriches the diversity in solution phase synthetic bio-
chemistry. These applications should also be explored. 
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